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ABSTRACT 
 
 
Recent environmental concern led to worldwide legislation banning the use of lead (Pb) 
containing solders in microelectronic devices. Near eutectic Sn-Ag-Cu solders are 
considered as replacement for traditional Pb-Sn solders. But Sn-Ag-Cu solder alloys can 
not guarantee the required performance in wide ranging semiconductor products. The 
aim of this work is to develop tin-based nanocomposite solder with improved high 
temperature stability with respect to microstructure and properties.  
 
In this study, Mo nanoparticles were used as a reinforcing material into the Sn-3.8Ag-
0.7Cu (SAC) solder. The Mo nanoparticles were characterized by transmission electron 
microscopy (TEM) and X-ray diffractometer (XRD). The composite solder paste was 
prepared by manually mixing of Mo nanoparticles into the SAC solder paste. The 
melting behavior of the solder paste was determined by differential scanning 
calorimetry (DSC).  The as-prepared solder paste was placed on polycrystalline Cu 
substrate and reflowed at 250ºC for 45 seconds. After reflow, elemental compositions of 
the nanocomposite solders were analyzed by inductively coupled plasma-optical 
emission spectrometer (ICP-OES). The microstructural investigations, spreading rate 
and wetting angle measurement were carried out on the solders after first reflow. After 
that one set of samples subjected to multiple reflow up to six times and another set of 
samples were put for high temperature aging up to 1008h at 100º-175ºC. 
Microstructural investigations were performed at the solder/substrate interface using 
conventional scanning electron microscopy (SEM), high resolution field emission 
scanning electron microscopy (FESEM) and energy dispersive X-ray (EDX). To 
evaluate the solder/substrate interaction in the liquid state in presence of Mo 
nanoparticles, Cu wire (250 µm in diameter) was dipped into the liquid composite 
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solder at 250ºC up to 15 min. After that, the solder-substrate reaction couple was taken 
out from the molten solder and examined thoroughly by optical microscopy, SEM, 
FESEM, and EDX.  
 
Results reveal that after reflow only a fraction of Mo nanoparticles retain inside the 
solder matrix. The spreading rate decreased and wetting angle is increased with the 
addition of Mo nanoparticles to the SAC solder. It is found that Mo nanoparticles are 
effective in suppressing the growth of total IMC layer thickness and scallop diameter 
during reflow and high temperature aging. With the addition of Mo nanoparticles, the 
diffusion coefficient is decreased but the activation energy of the IMC scallop growth 
remains unchanged. The dissolution of Cu substrate and IMC formation are decreased 
in presence of Mo nanoparticles. 
 
From this present research, it was found that Mo nanoparticles do not dissolve or react 
with the solder during reflow and high temperature aging. The retardation of IMC 
thickness and scallop diameter is due to the discrete particle effect of Mo nanoparticles. 
The intact, discrete nanoparticles, by absorbing preferentially at the interface, hinder the 
diffusion flux of the substrate and thereby suppress the IMC growth. The retardation of 
total IMC layer with the addition of Mo nanoparticles improves the reliability of the 
solder joint.  
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ABSTRAK 
 
 
Kebimbangan alam sekitar baru-baru ini menyebabkan kepada undang-undang di 
seluruh dunia melarang penggunaan lead (Pb) yang mengandungi solders dalam peranti 
mikroelektronik. Eutectic Sn-Ag-Cu solder berhampiran dianggap sebagai pengganti 
Pb-Sn solder tradisional. Tetapi Sn-Ag-Cu solder aloi tidak dapat menjamin prestasi 
yang diperlukan dalam produk semikonduktor luas. Tujuan kerja ini adalah untuk 
membangunkan nanocomposite solder berasaskan timah dengan kestabilan suhu 
meningkat tinggi berkenaan dengan mikrostruktur dan hartanah. 
 
Dalam kajian ini, nanopartikel Mo telah digunakan sebagai bahan pengukuhan ke dalam 
pateri Sn-3.8Ag-0.7Cu (SAC). Nanopartikel Mo telah ditandai oleh mikroskop elektron 
penghantaran (TEM) dan X-ray diffractometer (XRD). Pes solder komposit telah 
disediakan oleh pencampuran manual nanopartikel Mo ke dalam pes SAC solder. 
Perilaku lebur paste solder telah ditentukan oleh calorimetry pembezaan pengimbasan 
(DSC). Pes solder yang disediakan diletakkan pada substrat policrystalline Cu dan 
dialirkan kembali  pada suhu 250ºC selama 45 detik. Selepas reflow, komposisi unsur 
daripada solders nanocomposite dianalisis oleh induktif serta plasma optik pelepasan 
spektrometer (ICP-OES). Siasatan mikrostruktur, tingkat penyebaran dan pengukuran 
sudut pembasahan telah dijalankan pada solder selepas reflow pertama. Selepas itu satu 
set sampel tertakluk kepada reflow berulang sehingga enam kali dan satu lagi set 
sampel diletakkan pada suhu tinggi penuaan sehingga 1008h pada suhu 100º-175ºC. 
Mikrostruktur siasatan telah dijalankan di antara muka pateri/substrat menggunakan 
mikroskop elektron imbasan konvensional (SEM), resolusi tinggi bidang pengeluaran 
mikroskop elektron pengimbasan (FESEM) dan tenaga serakan sinar-X (EDX). Untuk 
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menilai interaksi pateri / substrat dalam keadaan cecair dalam kehadiran nanopartikel 
Mo, dawai Cu (250 µm diameter) telah dicelup ke dalam pateri komposit cair pada suhu 
250ºC sehingga 15 min. Selepas itu, pasangan solder-substrat dibawa keluar dari solder 
yang lebur dan diperiksa dengan teliti oleh mikroskop optik, SEM, FESEM, dan EDX. 
 
Keputusan menunjukkan bahawa selepas reflow hanya sebahagian kecil daripada 
nanopartikel Mo yang kekal di dalam matriks solder. Kadar penyebaran menurun dan 
sudut basah bertambah dengan penambahan nanopartikel Mo untuk SAC solder. Ia 
didapati bahawa nanopartikel Mo berkesan untuk menekan pertumbuhan jumlah 
ketebalan lapisan IMC dan diameter scallop semasa reflow dan penuaan suhu tinggi. 
Dengan tambahan nanopartikel Mo, pekali resapan dikurangkan tetapi tenaga 
pengaktifan pertumbuhan  scallop IMC kekal tidak berubah. Pembubaran substrat Cu 
dan pembentukan IMC berkurang dalam kehadiran nanopartikel Mo. 
 
Daripada penyelidikan  sekarang ini, didapati bahawa nanopartikel Mo tidak 
membubarkan atau bertindak balas dengan solder semasa reflow dan penuaan suhu 
tinggi. Perlambatan  ketebalan IMC dan scallop diameter adalah disebabkan oleh kesan 
partikel diskret daripada nanopartikel Mo. Yang utuh, nanopartikel diskret, dengan 
menyerap preferentially pada antara muka, menghalang fluks penyebaran substrat dan 
dengan itu menekan pertumbuhan IMC. Perlambatan lapisan jumlah IMC dengan 
tambahan nanopartikel Mo meningkatkan kehandalan sendi solder. 
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CHAPTER 1 
INTRODUCTION 
 
 
1.1 Background 
Regulations restricting the use of lead in electronics have resulted in the recent upsurge 
in research activities on the development of lead free solders. Research done so far had 
lead to the emergence of tin based alloys as alternatives to lead based solder alloys. 
Among the tin based alloys, tin-silver-copper (Sn-Ag-Cu, SAC) alloys have been found 
to be popular because of their advantages such as good wetting characteristics with 
substrate, good fatigue resistance, good joint strength etc. 
 
One of the major challenges in the development of a reliable lead-free solder is to 
improve the mechanical and interfacial properties, and reliability of the solder joints 
(Koo and Jung, 2005). The microstructure of SAC alloys has been found to coarsen to a 
greater extent during use and during high temperature exposure as compared with that 
of their lead containing counterparts (Cheng et al., 2009). Moreover, tin based solders 
form thicker intermetallic compound (IMC) layer at the solder/substrate interface 
compared with the lead based solders (Wu et al., 2004). The interfacial IMCs in lead 
free solder also grow at a rate faster than that in lead based solders. Coarsening of 
microstructure and rapid growth of brittle interfacial IMC are known to degrade the 
properties of lead free solder joints resulting in lower long term reliability. Research 
efforts are therefore underway to improve the quality of tin based solder alloys. 
 
One of the approaches towards improving the properties of tin based solder is through 
appropriate additions. Both alloy additions (Wang et al., 2009, Laurila et al., 2010) and 
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particle additions (Das et al., 2009a, Shen and Chan, 2009) are being studied currently. 
Particles additions to tin based solder leads to the development of composite solders 
with superior properties. Addition of different types and sizes of particles are under 
investigations. Particles types investigated so far include metallic (Lin et al., 2002, 
Amagai, 2008), ceramics (Shen et al., 2006, Lin et al., 2003b) and carbon nanotubes 
(Kumar et al., 2008). Both micrometer (Das et al., 2009a) and nanometer (Shi et al., 
2008) sized particles are currently being considered. 
 
The rationale behind particle addition is that when appropriate types of particles are 
added to the solder, they should lead to dispersion strengthening. They are also 
expected to stabilize the microstructure by restricting the growth of different phases in 
the solder during use. Nanosized particles addition to tin based solders are attracting a 
great deal of attention in recent years (Shen and Chan, 2009, Amagai, 2008). With the 
decrease of solder pitch size in electronic packages, the additions of nanoparticles are 
becoming more relevant.  
 
Improvement in bulk mechanical properties like strength (Shen et al., 2006), hardness 
(Gain et al., 2011), creep resistance (Shi et al., 2008) etc. have been observed in lead 
free solders reinforced by nanoparticles additions. In particular, the addition of Mo 
nanoparticles has resulted in considerable improvement in the bulk mechanical 
properties of solder (Kumar et al., 2006b, Kumar and Tay, 2004, Rao et al., 2009). 
However, the performance of a solder joint not only depend on its bulk properties, they 
also depend on the properties of the solder/substrate interface. It is therefore important 
to understand the effect of the nanoparticles additions on the interfacial characteristics. 
There are only a few studies available on the influence of nanoparticles on the 
interfacial IMC. 
 3 
1.2 Research Objectives 
 
The objectives of this research are listed as below: 
01. To prepare nanocomposite solder based on Sn-3.8Ag-0.7Cu by adding Mo 
nanoparticles. 
02. To study the wetting and reflow characteristics of Sn-3.8Ag-0.7Cu solder on 
copper substrate with and without the addition of Mo nanoparticles. 
03.  To investigate the effects of Mo nanoparticles on the morphology and growth of 
intermetallic compounds during reflow and solid state aging. 
04. To study the effects of the presence of Mo nanoparticles in liquid Sn-3.8Ag-
0.7Cu on the dissolution rate of copper substrate. 
 
1.3 Scope of Research 
 
The overall aim of this research is to investigate the effect of molybdenum (Mo) 
nanoparticles on the interfacial reactions between Sn-3.8Ag-0.7Cu solder and Cu 
substrate during reflow and high temperature aging. For this reason, Mo nanoparticles 
were manually mixed with the SAC solder paste at various wt% to prepare composite 
solder paste. Solder joints were prepared on Cu substrate at standard experimental 
conditions. 
 
The characterizations of nanocomposite solder were carried out using several analytical 
techniques. SAC solder was used as an experimental reference. Data obtained from this 
research work also compared and analyzed with other published works.  
 
The characterization of raw materials was carried out by Transmission Electron 
Microscopy (TEM), Scanning Electron Microscopy (SEM) and X-Ray Diffraction 
(XRD) analysis. The melting behavior of the nanocomposite solders were investigated 
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by Differential Scanning Calorimeter (DSC). The Inductively Coupled Plasma-Optical 
Emission Spectrometry (ICP-OES) was carried out to measure the actual amount of 
nanoparticles incorporated to the solder. The spreading rate and wetting angle of the 
solders were measured by following the Japanese Industrial Standard (JIS). The 
interfacial microstructure of the solder samples were investigated by optical 
microscopy, conventional SEM, high resolution field emission SEM (FESEM) 
equipped with     Energy Dispersive X-Ray (EDX). 
 
1.4 Organization of the Dissertation 
 
This dissertation consists of five chapters. The first chapter provides a brief introduction 
of this research work. This chapter states the research background, the current technical 
problems in this field, research objectives and the scope of this research. The chapter 
two provides a comprehensive overview of the existing literature background on 
various topics related with this research. These topics include the electronic packaging 
and soldering technology, lead-free solder candidates, thermodynamics of alloy 
selection, interfacial reaction between the solder and substrate during reflow and high 
temperature aging, effect of alloying elements and effects of nanoparticles on the solder. 
The experimental procedure is presented in the chapter three which includes the 
procedures of sample preparations, characterization techniques, the equipments, fixtures 
and procedure used during characterization. Chapter four of this dissertation reports the 
results obtained from the experimental work and these results are analyzed and 
compared with the other published work. A brief summery of this research work is 
presented in chapter five and the recommendation of the future work is also state. 
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CHAPTER 2 
LITERATURE REVIEW 
 
 
2.1 Electronic Packaging and Soldering Technology 
Soldering technology plays an important role in the electronic packaging industries at 
various levels such as, wire bonding in surface mount technology, solder ball 
connection in ball grid arrays (BGA), IC package assembly in printed circuit board 
(PCB) or flip chip (FC) connections (Kang and Sarkhel, 1994). Solder joint provides the 
electrical connections among the component in conjunction with thermal, physical and 
mechanical support in the electronic devices (Abtew and Selvaduray, 2000). When 
solder joints fail to perform any of these functions, the reliability of the whole electronic 
system is threatened and may cause shut down of the whole system.  
 
Lead (Pb) based solders are being used in the electronic industries for a quite long time 
for the purpose of joining electrical components (Tu and Zeng, 2001). Due to the 
sustained trend of the miniaturization of the electronic devices requires smaller solder 
joint and fine pitch interconnections (Shen and Chan, 2009). At the same time 
functional density enhancement and reliability issue are the key concerns in the 
electronic industries for the market demand. For these reasons ball grid array (BGA) 
and flip chip (FC) packaging technologies are being used in the electronic industries for 
having higher input/output connections in a certain area (ITRS, 2001). These ultra-fine 
solder joints in BGA and FC packaging leads to high localized temperature during 
service which lead to coarsening the solder microstructure and deteriorate the reliability. 
This issue has become the main technological issue for electronic packaging and 
soldering. A typical BGA and FC package is shown in Figure 2.1. 
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Figure 2. 1: Cross section of a (a) ball grid array (BGA) and (b) flip chip 
microelectronics connection (Abtew and Selvaduray, 2000). 
 
 
Reflow and wave soldering processes are being used in the electronic industries for the 
preparation of solder joints (Robert and Warren, 1993). In reflow soldering process 
solder is applied as paste by using a stencil mask and then heated to the reflow 
temperature. This soldering process is quite common in Surface Mount Technology 
(SMT) process on Printed Circuit Boards (PCBs) (Fujiuchi, 2004). On the other hand, 
wave soldering is used for pin-in-hole (PIH) or pin-through-hole (PTH) type assemblies 
where molten solder is applied in the bottom side of PCB and then heated to the 
soldering temperature. In order to full-fill the technological demand and reliability 
requirements the choice of proper material is very crucial in both reflow and wave 
soldering process. For the manufacturing of miniaturized, higher performance and 
multifunctional electronic device more fundamental challenges need to overcome in the 
near future specially in the metallurgical aspects.  
 
 
 
(a) 
(b) 
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2.2 Adverse Health Effect of Lead and Legislation 
The environmental Protection Agency (EPA) has cited lead and lead-products as one of 
the top 17 chemicals posing the greatest threat to human life and the environment 
(Wood and Nimmo, 1994). The exposure of lead (Pb) from the electronic industries is 
considered as hazardous material for the environment. Again at the end of usual life 
time of electronic products they are usually disposed to the landfills. At that time Pb is 
disposed from the electronic materials and contaminates the soil, water, human body 
and food-chain in ecosystem (Glazer, 1994). As a result “green” electronic products 
entirely free of toxic materials such as lead are being actively looked into by the 
researcher worldwide (NCMS, 1997, Harrison and Vincent, 1999, DEIDA, 2000).  
 
Due to the circumstances state above, a bill was introduced in the US court in 1990 to 
ban lead from all electronic materials, but it was opposed by the industries because of 
having no alternative solution to replace lead. The EU, on the other hand put their effort 
to recycle the lead products. At the same time, according to the EU directives on Waste 
Electrical and Electronic Equipment (WEEE) all products should be lead-free from 
2008 (COM, 2000). The RoHS directives strictly restrict the use of lead from all 
electronic components. But for many applications in electronic products no alternative 
or “drop-in” solution is found yet for the replacement of Pb from electronic 
components. All major manufacturers of electronic components planned to eliminate Pb 
from electronic products and actively looking for an alternative solution. 
 
2.3 Lead Free Solder Candidates 
A great deal of effort has been put into the development of Pb-free solder alloys. 
Certain criteria must be met before a lead-free solder may be put into use. Among these 
criteria, the most important are physical reliability, temperature requirements, 
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compatibility with parts and processes, repairs and rework, low cost etc. There are 
several Pb-free solders, such as, Sn-Au, Sn-Bi, Sn-Zn, Sn-In, Sn-Ag, Sn-Cu, Sn-Ag-Cu 
etc. which have been investigated in the electronic industry for different applications. 
The main characteristics of these solder alloy are discussed below. 
 
2.3.1 Sn-Au 
Among all the Pb-free solders, Au-based solder has been found as one of the most 
environmental friendly solder and it is being used in the semiconductor industry for the 
assembly process (Liu et al., 2008b). Au has been ranked among the least toxic 
elements by both EPA-US (Environmental Protective Agency-United States) and 
OSHA (Occupational and Safety Health Aministration). The eutectic 80Au-20Sn solder 
has excellent high-temperature performance, superior resistance to corrosion, high 
electrical and thermal conductivity and offers ﬂuxless soldering. But, the hardness 
decreases, creep penetration and creep strain rate of Au-based solder increase with 
temperature (Liu et al., 2008b, Chidambaram et al., 2010). Beside this, Au-based solder 
possess satisfactory properties such as suitable melting temperature, good thermal and 
electrical conductivities, good fluidity and wettability. However, the alloy system has 
some problems such as low ductility and high cost, which prevent its wide application 
(Takaku et al., 2008). 
 
2.3.2 Sn-Bi 
The eutectic Sn-58Bi solder offer a lower melting point than Sn-Pb alloys of 139º C 
(Abtew and Selvaduray, 2000). The cost of bismuth is almost similar to that of tin 
(Abtew and Selvaduray, 2000). But unfortunately, bismuth possesses a potential supply 
problem since it is a by-product of Pb mining. If a bismuth alloy picks up any Pb, the 
melting temperature will drop again with the formation of another secondary eutectic 
 9 
formed at 96°C (Suraski and Seelig, 2001). Beside this, bismuth soldering alloys tends 
to create embrittlement (Wild, 1971). Bismuth alloys also are prone to failure in peel 
strength tests due to poor fatigue resistance. Bismuth is also a poor conductor, both 
thermally and electrically. 
 
2.3.3 Sn-Zn 
Zinc is a readily available metal and cheap. The eutectic Sn-9Zn alloy has a low melting 
point of 198ºC which is the closest to eutectic Pb-Sn solder among all other lead-free 
alternatives (Abtew and Selvaduray, 2000).  For this reason, in the recent years the Sn-
9Zn alloy received much attention to the electronic industries. But zinc shows a very 
poor wetting behavior with the substrate including poor corrosion resistance in humid or 
high temperature environment and forms a stable oxide which keeps its use limited in 
the electronic packaging industries (Lin et al., 1998, Liu et al., 2008c). 
 
2.3.4 Sn-In 
The eutectic Sn-52In alloy has a relatively low temperature of 120ºC (Korhonen and 
Kivilahti, 1998), which makes this solder suitable for low temperature applications. 
This alloy is a good choice for temperature sensitive equipments which are not exposed 
to any harsh or high-stress environments. But indium is a scarce metal and too 
expensive to consider it for board applications (Sharif and Chan, 2005). Beside this, In 
alloys suffers poor corrosion resistance, forms oxide very rapidly during melting and 
show strong segregation behavior in the liquid (Korhonen and Kivilahti, 1998). 
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2.3.5 Sn-Ag 
The Sn-4Ag is a fairly good alloy and has a long history in the hybrid circuit industries 
for electronic packaging applications. But the melting point of this alloy is 221ºC which 
is considered higher for many surface mount technology (SMT) applications. 
 
2.3.6 Sn-Cu 
The eutectic Sn-0.7Cu is another promising solder alloy for reflow and wave soldering 
applications. The melting temperature of this solder is 227ºC which is undesirable in 
many reflow applications. Moreover, the microstructure of this alloy is prone to whisker 
growth because of high Sn concentration (Boettinger et al., 2005). The cost of this 
solder is much lower comparing other solders since it does not contain any expensive 
elements such as, Ag, Bi or In. 
 
2.3.7 Sn-Ag-Cu 
This family of lead-free Sn-Ag-Cu alloys has shown high promise in the electronic 
industries due to having good wetting characteristics with substrate, good fatigue 
resistance, good joint strength etc. Owing to these advantages, in 2000 the National 
Electronic Manufacturing Initiative (NEMI) recommended to replace eutectic Sn-Pb 
solder by near eutectic Sn-Ag-Cu alloys. 
 
2.4 Thermodynamics of Sn-Ag-Cu Solder Alloy Selection 
The phase transformation of Sn-Ag-Cu system is evaluated based on the following 
binary systems: Sn-Ag, Sn-Cu and Ag-Cu (Moon et al., 2000). The calculated binary 
phase diagrams for the binary system Sn-Ag, Sn-Cu and Ag-Cu are shown in Figure 
2.2. 
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Figure 2. 2: Phase diagram of the (a) Sn-Ag, (b) Sn-Cu and (c) Ag-Cu system (Ohnuma 
et al., 2000). 
 
 
The eutectic temperature of the Sn-Cu system is 227ºC. The eutectic composition is 
varied from 0.7 to 0.9 wt% Cu (Moon et al., 2000). The eutectic constituents obtained 
from the Sn-Cu phase diagram (Figure 2.2a) are β-Sn and Cu6Sn5 intermetallics. On the 
other hand, the eutectic composition of the Sn-Ag system is unanimously taken at 3.5 
wt % of Ag and calculated eutectic temperature is 220.1ºC (Oh et al., 1996).  From the 
Sn-Ag phase diagram (Figure 2.2b), the eutectic constituents are β-Sn and Ag3Sn 
intermetallics. Not all binary or ternary elements form the intermetallic compound in a 
binary or ternary alloy system. For example, in the Ag-Cu binary system there is no 
intermetallic compounds as it is seen in the Figure 2.2c. 
 
These binary phase diagrams are used to understand the melting behavior of ternary Sn-
Ag-Cu alloy. The alloy design criterion for the Sn-Ag-Cu alloy is as follows (Bath, 
2007): 
01. The liquidus melting temperature of the alloy should be close to the eutectic Sn-
Pb alloy (183ºC) to avoid changing the manufacturing process, materials and 
infrastructure. 
02. The gap between the solidus and liquidus temperature should be as low as 
possible to avoid tombstoning phenomenon and fillet lifting. 
Ag 
(a) (b) (c) 
 12 
03. The solidus temperature of the solder should be significantly higher than the 
operating temperature of the solder.  
 
The National Center for Manufacturing Sciences (NCMS), Michigan, USA suggested 
that the solder liquidus temperature should be less than 225ºC with a maximum 30ºC 
difference between solidus and liquidus temperature (Bath et al., 2000). Obviously the 
ternary eutectic or near eutectic Sn-Ag-Cu alloys meet the first two criterions since the 
melting temperature of the ternary eutectic Sn-Ag-Cu alloy is 217ºC (Moon et al., 
2000). Depending on particular applications the operating temperature of electronic 
equipments may be as high as 150ºC (Suganuma, 2001). So the ternary eutectic or near 
eutectic Sn-Ag-Cu alloys are one of the best candidates for lead-free solder alternatives. 
The calculated eutectic composition of the Sn-Ag-Cu system is 3.66 wt% Ag, 0.91 wt% 
Cu as it is seen in Figure 2.3 (Moon et al., 2000). But the experimentally determined 
value of the Sn-Ag-Cu system is 3.5 wt% Ag, 0.9 wt% Cu which differs a little from the 
calculated value.  
 
 
Figure 2. 3: Calculated liquidus surface of the Sn rich region of Sn-Ag-Cu alloy system 
(Moon et al., 2000). 
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2.5 Phase Diagram of Mo with Sn, Ag and Cu 
The phase diagrams of Mo with Sn, Ag and Cu are shown in the Figure 2.4(a-c) 
respectively. It is seen in the Mo-Sn phase diagram (Figure 2.4a) (Brewer and 
Lamoreaux, 1980) that Mo has no solubility in Sn at low temperatures (<300ºC). The 
calculated results on solubility of Mo in Sn also show that there is a very negligible 
solubility of Mo in Sn (Brewer and Lamoreaux, 1980). Three intermetallics e.g. Mo3Sn, 
Mo2Sn3/Mo3Sn2 and MoSn2 can form in the Mo-Sn system below 300ºC (Brewer and 
Lamoreaux, 1980). On the other hand, the Mo-Ag phase diagram (Figure 2.4b) (Baren, 
1990) and Mo-Cu phase diagram (Figure 2.4c) (Subramanian and Laughlin, 1990) show 
that Mo has no solubility in Ag and Cu respectively. Beside, it is also revealed that Mo 
does not form any compound with Ag and Cu (Subramanian and Laughlin, 1990, Baren, 
1990). 
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Figure 2. 4: Phase diagram of the (a) Mo-Sn (Brewer and Lamoreaux, 1980), (b) Mo-
Ag (Baren, 1990) and (c) Mo-Cu (Subramanian and Laughlin, 1990) system. 
 
 
2.6 Interfacial Reactions of Sn-Ag-Cu Solder alloys with Cu Substrate 
During the soldering process, reactions happen between the solder and substrate and 
intermetallic compounds (IMCs) form between them. For a good metallurgical bond it 
is essential to have a uniform IMC layer between the solder and substrate. However, the 
thickness of IMC strongly affects the reliability and mechanical properties of the solder 
(b) (a) 
(c) 
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joint. A thick IMC hamper the interface integrity because of its brittle nature and creates 
mismatch in physical properties such as elastic modulus, thermal expansion etc. For this 
reason, the interfacial reaction should be controlled to ensure the optimized conditions. 
The interfacial reaction between the solder and substrate can be categorized into two 
groups, namely: 
01. Reactions during reflow process, 
02. Reactions during high temperature aging. 
 
The former process is encountered during the reflow and wave soldering processes and 
the latter happens during service or high temperature aging test. 
 
2.6.1 Reactions in Liquid State 
The interfacial reaction between Pb-free solder and metallic substrate during reflow has 
been studied by many researchers (Su et al., 1997, Alam et al., 2003, Mannan and 
Clode, 2004, Sharif and Chan, 2004, Yu and Lin, 2005, Sharif and Chan, 2005, Yu et 
al., 2005b, Yeh et al., 2006), but still the details of the reaction mechanisms are not 
clear.  Typically copper (Cu) is widely used as a substrate in under bump metallurgy 
due to its good solderability and excellent thermal conductivity performance (Zeng et 
al., 2010). The growth of scallop type of intermetallic compounds (IMCs) is dominant 
during soldering between Cu substrate and near eutectic Sn-based solders (Suh et al., 
2008). 
  
2.6.1.1 Initial Formation Mechanism of Interfacial IMCs in Liquid Solder 
The formation of initial IMC is mainly due to the reason of diffusion of substrate into 
the molten solder (Yoon et al.). Lord and Umantsev et al. (Lord and Umantsev, 2005) 
has developed one techniques based on fast dipping of Cu coupon into molten Sn solder 
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to describe the rate controlling mechanism of early stage soldering process. According 
to their analysis, at the initial stage of reflow, the IMC phase appears in the form of 
individual nucleated grains separated by valleys. After a few milliseconds these 
nucleated grains merge together to form a continuous IMC layer where individual IMC 
grains are separated by channels. In the case of molten Sn solder on Cu substrate, the 
IMC growth proceeds by creation-dissolution mechanism where the leading edge of 
IMC moves faster into the substrate and creates Cu-Sn compound. On the other hand, at 
tailing edge the newly formed compounds dissolved and move towards the same 
direction with a slower velocity. The difference between the velocities of leading and 
tailing edge entails the rate of IMC growth of the IMC layer. This mechanism presented 
by Lord and Umantsev et al. is schematically illustrated in Figure 2.5. Here, xs and xl 
denotes the average position of the leading and tailing edge respectively. The speed of 
the growth of leading edge (Vs) is slightly higher than the speed of the growth of tailing 
edge (Vl). Here, double dashed line designated the grain boundaries. So, the average 
thickness of the IMC is, Δx = xs – xl.  According to this analysis, the initial IMC 
formation is controlled by the dissolution of Cu substrate.  The dissolution of the grain 
boundaries is the main reason for the formation of IMC scallops. Coarsening of IMC 
scallops starts when the solder reaches the saturation and reduction of surface energy is 
the primary driving force for the coarsening.   
 
 
Figure 2. 5: A Schematic diagram of creation-dissolution mechanism of Cu6Sn5 IMC 
growth on Cu substrate in presence of molten Sn based solder (Lord and Umantsev, 
2005). 
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2.6.1.2 Growth Kinetics of Interfacial IMCs in the Molten State 
2.6.1.2.a  Dybkov’s Analysis 
According to the analysis of Dybkov (Dybkov, 1998), the reaction layer ApBq at the 
interface between the solid substrate (A) and liquid metal (B) forms at the expense of 
counter-diffusion of components across the bulk when solder is saturated with the 
substrate as it is illustrated in Figure 2.6. The counter-diffusion of components follows 
the partial chemical reactions as state below: 
qBdiffusing + pAsurface = ApBq   (2.1) 
pAdiffusing + qBsurface = ApBq   (2.2) 
 
 
Figure 2. 6: Schematic diagram of the formation mechanism of ApBq IMC layer under 
the condition of simultaneous dissolution into molten solder (Dybkov, 1998). 
 
 
These reactions yield the increases of layer thickness dxB1 and dxA2, during a time, dt, as 
it is shown in Figure 2.6. It is important to note that the immediate initial stage when 
substrate (A) react with the molten solder (B) is not considered. The layer growth rate as 
shown by Dybkov (Dybkov, 1998) is: 
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Where k0B1 and k0A2 are chemical constants, and k1B1 and K1A2 are diffusional constants. 
If the solder is under-saturated with the substrate then the net growth rate of the IMC is 
the difference between the growth rate at the substrate-IMC interface and IMC-solder 
interface. In this case, the dissolution rate is described (Dybkov, 1998) as: 
 atbb
dt
dx
t
ndissolutio





 exp0    (2.4) 
 
In this equation,   
kcb s0  and 
ksa   
 
Where, cs is the saturation concentration of the substrate (A) in the solder (B) at a given 
temperature, k is the dissolution rate constant, ρ is the density of the ApBq compound, φ 
is the content of substrate (A) in mass fraction in ApBq, s is the surface area of the solid 
content with the liquid and v is the volume of the liquid.  
 
So, considering the dissolution and growth of the interfacial IMC, the mathematical 
equation of the net growth rate of IMC is; 
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From the Equation 2.5, it is seen that the IMC growth is not parabolic. Moreover, if the 
sum of the rates of chemical reactions at the interface is less than the initial rate of 
dissolution, i.e., 02010 bkk AB   , then no ApBq layer would form at the interface. In this 
case, 2010 AB kk   must be replaced by some other constant k0 characterized by the rate of 
direct reaction of the substrate (A) and solder (B). Again the dissolution rate diminishes 
exponentially from b0 to bt in the time range 0 to t. Hence, when tAB bkk  2010 , the 
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ApBq layer start to grow at the interface. At large t, 0tb , and layer growth kinetics 
become parabolic. 
 
If the growth of ApBq layer is under constant dissolution rate (bt) and diffusion control 
( x
kk BB 1110  , x
kk AA 2120  ), then Equation 2.5 reduces to; 
tbx
k
dt
dx
 1    (2.6) 
 
The maximum layer thickness can be defined from the condition, 01  tbx
k  
So, 
tb
kx 1max    (2.7) 
 
2.6.1.2.b  Flux Driven Ripening 
During the wetting reaction between the molten Sn-based solder and copper substrate, 
Cu-Sn IMC is formed due to the simultaneous action of growth and ripening (Kim and 
Tu, 1996). At the solder-substrate interface two types of Cu-Sn compounds are formed: 
a scallop like Cu6Sn5 IMC and a very thin layered Cu3Sn IMC. Between the Cu6Sn5 
IMC grains, there are molten solder channels extending all the way to Cu3Sn /Cu 
interface. These channels serve as a diffusion and dissolution path for Cu substrates to 
feed the interfacial reactions. This implies that the ripening process is non-conservative 
(Suh et al., 2008). A classical theory of conservative ripening was proposed by Lifshitz 
and Slyozov (Lifshitz and Slyozov, 1961) which is addressed as LSW theory (Suh et al., 
2008). This theory is not applicable in the case of molten solder and substrate reaction 
for the following reasons: 
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01. When molten solder wets the substrate, the system is considered as an open 
system. The substrate continuously diffuses through the narrow channels 
between the IMC scallops to feed the interfacial reaction. On the other hand, in 
the classic LSW theory, the system is considered as a close system.   
02. The LSW theory considers infinitely dilute solution where the distance between 
the particles are very large compare to their size. But the case of molten solder 
and substrate reaction, the distance among the particles are not large compare to 
their size. However, the Cu6Sn5 scallops are almost in contact with each other as 
it is shown in the Figure 2.7.  
 
 
Figure 2. 7: The top surface view of the Cu6Sn5 scallops formed at the interface between 
50Sn50Pb solder and Cu substrate at 183.5ºC for 3 min reaction (Suh et al., 2008). 
 
 
Since LSW theory can not explain the current situation between the molten solder and 
substrate, another kinetic theory is proposed by Gusak and Tu (Gusak and Tu, 2002) to 
have a better understanding on the physical model of the formation and growth of 
interfacial IMC between molten solder and substrate. This alternative kinetic model is 
called Flux-driven ripening or FDR theory, where the growth and ripening process is 
considered as non-conservative. The Figure 2.8 shows a schematic diagram of 
hemispherical Cu6Sn5 scallops grown on Cu substrate to illustrate the FDR theory. 
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Some assumptions are made in the FDR theory to analyze the kinetics of scallop growth 
(Kim and Tu, 1996, Gusak and Tu, 2002): 
 
 
Figure 2. 8: Schematic diagram of Cu6Sn5 scallops on Cu substrate in presence of 
molten Sn-based solder (Gusak and Tu, 2002). 
 
 
1. The presence of Cu3Sn is ignored in the analysis. 
2. The channel width (δ) is considered small compared with the scallops. In 
the presence of molten solder, the morphology of channels and scallops 
are thermodynamically stable. The channels serve as a rapid diffusion 
path for the Cu substrate to go to molten solder.  
3. The scallops are considered hemispherical. For a given surface area 
between the scallops and Cu substrate (Stotal), the total surface area 
between the scallops and molten solder is twice of Stotal.   
4. The in-flux of Cu from the substrate is used for the growth of the 
scallops. The out-flux of Cu from the ripening zone to the molten solder 
is considered negligible. 
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In FDR theory, the average radius of the scallop (r) depends on time (t), obeying 
following equation: 
  31913.0 ktr     (2.8) 
 
The constant k, in Equation 2.8 depends on several thermodynamics parameters as 
given below: 
 
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9   (2.9) 
 
Where, Ci is the concentration of Cu in the scallop, Ce is the concentration of Cu at the 
interface of Cu6Sn5-molten solder in stable equilibrium, Cb is the quasi-equilibrium 
concentration of Cu in the vicinity of the Cu substrate, n is the atomic density in the 
molten solder, ni is the atomic density in the scallop, D is the diffusivity of the Cu in the 
molten solder, and δ is the width of the channel between scallops. 
 
In the FRD theory, it is considered that there are two kinds of flux responsible for the 
growth of interfacial IMC: one is ripening flux (JR) and another is interfacial reaction 
flux (JI) (Kim and Tu, 1996). The net growth of the scallops is the result of 
simultaneous action of these two fluxes. 
 
Ripening Flux 
To consider the flux of ripening, it is assumed that the Cu6Sn5 IMC is a hemisphere of 
radius r. Considering the Gibbs-Thomson effect (Yao et al., 1993, Lifshitz and Slyozov, 
1961), the ripening flux (JR) can be written as follows; 
    2
0 1
3
2
rLRT
DCJ R     (2.10)  
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Here, 
r
L  , C0 is the equilibrium concentration of Cu, γ is interfacial energy per unit 
area between Cu6Sn5 and molten solder, Ω is molar volume of Cu6Sn5, D is the 
diffusivity of Cu in the molten solder, δ is the mean separation distance between the 
scallops, r  is the mean scallop size, R is the gas constant and T is the temperature.  
 
Interfacial Reaction Flux 
As mentioned earlier, there are channels between the IMC scallops extending all the 
way to Cu3Sn/Cu interface. These channels serve as a fast diffusion and dissolution path 
of Cu substrate into the molten solder (Bartels et al., 1994). The interfacial reaction flux 
(JI) calculated by Kim and Tu (Kim and Tu, 1996) is:  
 
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Here, dt
dh , ρ is the density of Cu, m is the atomic mass of Cu, NA is the 
Avogadro’s number, A is the total area if solder-Cu interface, dh is the consumed 
thickness of Cu, t is the time, NP(t) is the total number of grains at the interface 
and 22 r is the surface area of a hemispherical Cu6Sn5 grain. 
 
Total Flux 
The net growth of scallop type Cu6Sn5 IMC is a combined kinetic process of ripening 
and interfacial reaction. Using Gauss’ theorem, the growth equation of scallop type 
Cu6Sn5 is:  
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From Equation 2.12, it is seen that the kinetics of Cu6Sn5 scallops has t1/3 dependence 
with time. This indicates that the kinetics of the growth of Cu6Sn5 scallops is not 
diffusion controlled or interfacial reaction controlled (Kim et al., 1995). Furthermore, 
this scallop type morphology is stable as long as there is unreacted Cu in the molten 
state. When all available Cu is consumed due to the reactions into the molten solder, the 
non-conservative ripening become conservative ripening and leads to spalling of the 
interfacial IMC (Liu et al., 1996). 
 
2.6.1.3 Dissolution Behavior of the Cu Substrate 
In the soldering process, when substrate come in contact with the molten solder, the 
substrate starts to dissolve. For example, when Cu substrate comes in contact with the 
molten Sn-based solder, the Cu substrate starts to dissolve and a chemical potential 
gradient between the elements is generated at the solder-substrate interface. The 
dissolution behavior of the substrate in the molten solder can be well described by the 
Nernst-Shchukarev equation (Barmak and Dybkov, 2004); 
 cc
v
sk
dt
dc
s    (2.13) 
 
Where k is the dissolution rate constant, s is the surface area of the substrate, V is the 
volume of the molten solder, Cs is the equilibrium concentration of the substrate and C 
is the concentration of the substrate at the reaction temperature.  
 
Equation 2.13 indicates that the dissolution of the substrate depends on two parameters: 
the equilibrium concentration of substrate (Cs) and dissolution rate constant (k). 
Generally the value of Cs increases with temperature which in turn increases the 
concentration gradient (Cs-C). As a result, the dissolution rate increases with 
temperature. On the other hand, the concentration of the substrate (C) depends on the 
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solder composition. Considering the Cu substrate, Table 2.1 presents the values of Cs, C 
and (Cs-C) for different solders at different immersion temperatures. 
 
Table 2. 1:  Dissolution rate and Values of Cs, C and (Cs-C) for different solders with 
Cu substrate at different temperatures (Yen et al., 2008). 
 
 
Solder 
Immersion 
Temperature 
(ºC) 
 
Cs wt 
% 
 
C wt 
% 
 
(Cs-C) wt 
% 
Dissolution 
Rate 
(µm/min) 
300 2.8 2.8 7.25 
270 1.9 1.9 4.50 
 
Sn 
240 1.2 
 
0 
1.2 2.14 
300 2.4 1.9 4.20 
270 1.9 1.4 2.95 
 
Sn-3.0Ag-0.5Cu 
240 1.3 
 
0.5 
0.8 0.99 
300 1.2 1.2 1.15 
270 0.8 0.8 0.95 
 
Sn-58Bi 
240 0.5 
 
0 
0.5 0.57 
  
 
2.6.2 Reaction in the Solid State 
Formation of intermetallic compounds is inevitable during soldering reaction between 
the molten solder and substrate. An adequate and uniform intermetallic layer is essential 
for a good metallurgical bond between the solder and substrate. But the inherent brittle 
nature of interfacial IMCs too thick interfacial layer promotes a brittle failure to the 
interface (Pang et al., 2004, Lee and Duh*, 1999). For this reason, the thickness of the 
interfacial IMC should be optimized. During service or high temperature aging the 
thickness of interfacial IMC increases due to diffusion of Sn from the bulk solder to the 
substrate (Sivasubramaniam et al., 2008). A number of studies (Zou et al., 2008, 
Sivasubramaniam et al., 2008) reported the morphology and kinetics of IMC growth in 
the solid state which is discussed in the next sections. 
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2.6.2.1 Morphology of the Intermetallic Compounds 
Formation of Cu6Sn5 IMC during the reaction between molten Sn-based solder and Cu 
substrate has been reported by a number of studies (Laurila et al., 2005, Gong et al., 
2008). Some of the study also reported the formation of a very thin Cu3Sn layer (a few 
tens of nanometer) between the Cu6Sn5 IMC and Cu substrate (Shang et al., 2009, Gong 
et al., 2009). But after reflow most of the time this thin Cu3Sn layer is not visible under 
SEM in the cross-sectional view. In general, for most of the Sn-based solder this newly 
form Cu3Sn IMC layer grows at the side of Cu substrate during solid state aging as it is 
shown in Figure 2.9 (Tu and Zeng, 2001, Zou et al., 2008). With increasing aging time 
and temperature, the thickness of both Cu6Sn5 and Cu3Sn layer increases (Zou et al., 
2008).  
 
   
Figure 2. 9: Cross-sectional optical microscope of SnPb solder on Cu substrate (a) after 
two reflow without solid state aging (b) after two reflow followed by solid state again at 
170ºC for 500 h (Tu and Zeng, 2001). 
 
 
Another phenomenon that is observed during solid state aging is that both Cu6Sn5 and 
Cu3Sn have layer type morphology (Yang et al., 2011). There are no longer any 
channels between the Cu6Sn5 scallops as it is shown in Figure 2.10b. For this reason, it 
is believed that the growth of interfacial IMC in solid state is diffusion controlled 
(Sivasubramaniam et al., 2008).  
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Figure 2. 10: Morphology of Cu6Sn5 IMC between Sn-3.5Ag and polycrystalline Cu 
substrate (a) scallop type Cu6Sn5 after reflow for 60 s at 240ºC, (b) planner type Cu6Sn5 
IMC after aging for 16 days at 150ºC (Yang et al., 2011). 
 
 
2.6.2.2 Kinetic Analysis of the Intermetallic Compounds 
The kinetics of the reaction during solid state aging can be either diffusion controlled or 
interfacial reaction controlled (Goesele and Tu, 1982, Kidson, 1961). In the diffusion 
controlled growth the IMC growth has square root dependence with the aging time. On 
the other hand, in the interfacial reaction controlled growth the IMC growth has a linear 
relationship with time. Generally, at any particular temperature the growth kinetics of 
any reaction layer follow the following empirical power law relationship with time 
(Alam and Chan, 2005).  
n
t ktxx  0   (2.14) 
 
This equation can also be rewritten in the following logarithmic expression, 
tnkxx loglog)log( 0    (2.15) 
 
Where xt is the total IMC thickness at time t, x0 = thickness of the IMC after reflow, k is 
the growth rate exponent and n is the time exponent. From the value of n, it is possible 
to deduce the type of solid state growth kinetic and the growth mechanism of the 
interfacial IMC at the solder/substrate interface (Frear, 1991). Most of the literatures 
(a) (b) 
 28 
agree that the value of n for the growth of total IMC layer in the cross-sectional view is 
equal to ½ (Zou et al., 2008, Alam and Chan, 2005).  So the growth kinetics of 
interfacial IMC layer follows the parabolic or diffusion controlled process.  
 
Laurila et al. (Laurila et al., 2005) has proposed one model to explain the mechanism of 
Cu and Sn diffusion in the Cu-Cu3Sn-Cu6Sn5-Sn structure as shown in Figure 2.11. Due 
to the concentration gradient established in the Cu6Sn5 phase, Sn is the main diffusion 
species and diffuses from Sn-Cu6Sn5 interface to Cu3Sn-Cu6Sn5 interface. In the case of 
Cu3Sn, Cu diffuses from the Cu-Cu3Sn interface to Cu3Sn-Cu6Sn5 interface. In this 
growth model it is assumed that all reactions occur at the Cu3Sn-Cu6Sn5 interface. The 
composition of the IMC formed depends on the ratio of Cu and Sn diffusion at the 
Cu3Sn-Cu6Sn5 interface. 
 
Figure 2. 11: Schematic diagram of Cu and Sn diffusion in the Cu-Cu3Sn-Cu6Sn5-Sn 
structure (Laurila et al., 2010). 
 
 
The effective inter-diffusion coefficient (Deff) of the total IMC layer can be determined 
by the following Fick’s law (Zhu et al., 2006); 
 210 tDxx efft    (2.16) 
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The value of inter-diffusion coefficient vary with the composition of solder alloys, 
substrate orientation, reflow temperature, reflow time, aging temperature etc. From the 
literature it is found that the value of inter-diffusion coefficient varies in the order of 
~10-8 m2s-1. The values of inter-diffusion coefficient for the Cu6Sn5 and Cu3Sn IMC 
layer are shown in the Table 2.2.   
 
Table 2. 2: Effective inter-diffusion coefficient of Cu3Sn and Cu6Sn5 IMC layers. 
 
Effective Inter-Diffusion 
Coefficient 
m2s-1 
 
Solder Alloy 
 
Aging 
Temperature 
(K) Cu3Sn Cu6Sn5 
 
Reference 
Sn-3.8Ag-0.7Cu 423 3.36 x 10-18 - (Peng et al., 2007) 
Sn-3.0Ag-0.5Cu 423 1.99 x 10-18 1.77 x 10-18 (Yoon et al., 2009) 
9.80 x 10-18 - (Nishikawa et al., 
2007) 
2.23 x 10-18 8.31 x 10-19 (Flanders et al., 
1997) 
 
 
Sn-3.5Ag 
 
 
423 
2.09 x 10-17 4.96 x 10-17 (Lee and Chen, 
2002) 
Sn-58Bi 423 3.90 x 10-18 - (Shang et al., 
2009) 
Sn 423 1.04 x 10-18 3.15 x 10-17 (Lee and Chen, 
2002) 
 
 
Activation energy for the IMC growth of different solder-substrate couples are 
calculated after aging the samples at different temperatures. Activation energy is 
defined as the minimum energy needed to start a chemical reaction or diffusion to take 
place. In general, from the published data it is found that the activation energy for the 
formation of Cu3Sn IMC is higher than the Cu6Sn5 or total IMC in the Sn-based solder 
(Lee et al., 2003a, Watanabe et al., 2006, Yoon et al., 2009). Higher activation energy 
reduces the atomic diffusion and inhibits the formation of interfacial IMC (Li and Shi, 
2006). Some published results of activation energy for different Sn-based lead-free 
solders are presented in Table 2.3. 
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Table 2. 3: Activation energy of the different IMC layers in Sn-based solders. 
 
Activation energy for IMC layer 
formation 
KJ/mol 
 
Solder 
Cu3Sn Cu6Sn5 Total IMC 
 
References 
89.06 48.54 64.82 (Lee et al., 2003a) 
91.6 - - (Lee and Chen, 
2002) 
 
Sn-3.5Ag 
70.8 - 38.9 (Watanabe et al., 
2006) 
Sn-3.0Ag-0.5Cu 114.7 58.6 75.1 (Yoon et al., 2009) 
Sn-3.5Ag-0.5Cu 88.1 - 44.3 (Watanabe et al., 
2006) 
Sn-3.8Ag-0.7Cu 101.3 - - (Lee and Chen, 
2002) 
Sn-3.0Ag-0.5Ni - 34.6 47.5 (Yoon et al., 2009) 
Sn-3.5Ag-0.5Cu-
0.15Ni-0.01Ge 
51.4 - 20.3 (Watanabe et al., 
2006) 
Sn-3.5Ag-0.5Cu-
0.25Ni-0.01Ge 
62.2 - 18.5 (Watanabe et al., 
2006) 
 
 
2.7 Effects of Alloying Elements on the Interfacial IMCs 
A good number of researches have been done on the interfacial IMCs with the addition 
of alloying elements (Lee et al., 2003b, Li et al., 2009, Yu et al., 2008, Xiao et al., 2009, 
Wang et al., 2009, Kim et al., 2003). It is concluded from the previous research that 
addition of alloying elements to the solder attributes their affects on interfacial IMCs in 
the following three ways (Zeng et al., 2010): 
1. Alloying elements can increase or decrease the thickness of interfacial IMCs. 
2. The physical and chemical properties of the interfacial IMCs can be altered due 
to the addition of alloying elements. 
3. Additional reaction layer can be formed at the interface between the solder and 
substrate. 
Depending on the solubility, Laurila et at. (Laurila et al., 2010) categories the alloying 
elements into two groups: 
 31 
1. Elements that show marked solubility on the Sn-Cu intermetallics, such as Ni, 
Co, Au, Sb, In, etc. 
2. Elements that do not show marked solubility on the Sn-Cu intermetallics, such 
as Al, Bi, P, Ti, S, rare earth elements. 
 
Of all the investigated alloying elements, Ni and Co has a prominent solubility on the 
interfacial IMCs. It is found that addition of Ni and Co as an alloying element to the 
solder increases the total IMC thickness but the Cu3Sn IMC thickness is decreased 
during reflow and aging compared to the solder with out addition (Wang et al., 2009). 
Park et al. (Park et al., 2003) observed that the addition of Au (less than 0.25 wt %) to 
the near eutectic SAC solder results scallop type (Cu,Au)6Sn5 IMC after reflow. 
However, if the Au content is more than 0.25 wt% the morphology of the interfacial 
IMC is changed with the formation of two phase layer [((Cu,Au)6Sn5)+Sn]. Addition of 
Au reduces the Cu3Sn IMC, but the effect of Au is weaker than Ni and Co because of 
having lower solubility in Cu3Sn IMC (Zakel et al., 1991). On the contrary, though Sb 
has a strong effect on solid solution strengthening of Sn (Wade et al., 2001, Li et al., 
2006), it has virtually no effect on the interfacial IMC (Laurila et al., 2010).  Literature 
results of In addition to the Sn-based solder reports lower dissolution of Cu substrate 
and suppression of the thickness of  Cu6Sn5 IMC (Sharif and Chan, 2005). However, the 
micrographs presented in the literature do not entirely support that In hinders the growth 
of Cu-Sn IMC (Sharif and Chan, 2005, Laurila et al., 2010). EDX results show that In 
dissolves into Sn sublattice of the Cu–Sn IMC to form [Cu6(Sn,In)5]. 
 
Addition of elements that do not show marked solubility on the interfacial Cu-Sn IMC 
like Al is found to increase the mechanical properties such as microhardness, strength 
etc. to the SAC solder (Liu and Lin, 2008, Das et al., 2009b). There is no report on the 
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effect of Al addition on Cu-Sn IMC. The presence of 0.03 wt% P in Sn-3Ag solder was 
found to have no effect on the IMC thickness and scallop diameter after one and four 
time reflow (Takemoto et al., 1987). Addition of rare earth elements (Ce and La) to Sn-
3.5Ag and Sn-0.7Cu solder reported not to have a notable effect on the interfacial IMC 
(Wu and Wong, 2007).  
 
2.8 Effects of Nanoparticles on Interfacial IMC 
Recently, nanocomposite solders are being investigated specially for cases where better 
creep and fatigue resistance are required (Shen and Chan, 2009). Several methods such 
as ball milling (Lin et al., 2002, Lin et al., 2003a, Lin et al., 2003b), paste mixing (Liu 
et al., 2008a, Tai et al., 2005), mixing with molten solder alloy (Shen et al., 2006), in-
situ method (Lee et al., 2000, Hwang et al., 2002) etc. have been developed for mixing 
nanoparticles with the solder. Refinement of solder microstructure resulting from 
nanoparticle addition has been reported in a number of studies (Kumar et al., 2008, 
Shen et al., 2006, Lin et al., 2003b). Amagai et al. (Amagai, 2008) studied the effect of 
Co, Ni, Pt, Al, P, Cu, Zn, Ge, Ag, In, Sb and Au nanoparticles on the interfacial IMC 
between Sn–3.0Ag solder and organic solderability preservative (OSP) Cu pads during 
reflow and aging process. It was also found that nanoparticles of Co, Ni and Pt are 
effective in influencing the growth of interfacial IMC layer between Sn-based lead-free 
solder and Cu substrate after reflow (Amagai, 2008). Recent results show that Co and 
Ni nanoparticles impart their effect on the interfacial IMC through alloying effect 
(Amagai, 2008, Lin et al., 2009, Haseeb and Leng, 2011). With the addition of Co and 
Ni nanoparticles to the SAC solder the total thickness of interfacial IMC increases but 
the thickness of Cu3Sn IMC decreases (Haseeb and Leng, 2011). Extent of alloying 
effect of nanoparticles is related to the solubility of that particular element into the 
solder (Laurila et al., 2010).  
 33 
Reported results of inert nanoparticles addition to Sn-based solder such as Al2O3 
(Zhong and Gupta, 2008), ZrO2 (Shen et al., 2006), SiC (Liu et al., 2008a), TiO2 (Lin et 
al., 2003a), carbon nanotubes (Kumar et al., 2006a, Kumar et al., 2008) shows 
refinement bulk microstructure and improvement of the mechanical properties such as 
micro hardness. So far, the effect of inert nanoparticles on the interfacial IMC has not 
been investigated. Some theories have been developed to explain the mechanism 
through which inert nanoparticles might impart their effect on the interfacial IMC. Inert 
nanoparticles are considered as a surface active material since they accumulate 
themselves at the grain boundaries of the solder matrix and do not react with the solder. 
Hence, surface absorption theory (Zhai et al., 1999, Shen and Chan, 2009) can be 
applied to explain the controlling mechanism of the suppression of interfacial IMC due 
to the addition of inert nanoparticles. According to the theory, the surface free energy of 
a whole crystal is: 
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Where, Ґk is the adsorption of surface-active material at crystal planes k, c is the 
concentration of the surface-active material, R is the ideal gas constant, T is the absolute 
temperature, γk(c) is the surface tension of crystal planes k with adsorption of the active 
material, γk(0) is the surface tension of the initial crystal planes k without adsorption, and 
Ak is the area of the crystal planes k. 
 
The net value of the right hand side becomes lower with increasing the value Ґk. This 
implies that the surface free energy of the whole crystal plane would decrease with the 
maximum amount of adsorption, Ґk. Thus, an increase in the amount of elements 
adsorbed decreases its surface energy and, therefore, decreases the growth velocity of 
this crystal plane (Shen and Chan, 2009). Generally, crystal planes having higher 
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surface energy grows rapidly. But the surface energy is deceased when surface active 
materials are absorbed at the crystal plane. As the amount of absorption of surface 
active material is increased, the growth velocity of the crystal plane is decreased.  
 
Since the explanation in surface absorption theory is qualitative, this theory is not 
universally accepted to explain the effect of inert nanoparticles on the interfacial IMC. 
There are several factors that affect the growth process of interfacial IMCs, such as 
substrate dissolution, grain boundary diffusion, grain coarsening, grain boundary 
grooving etc, into the molten solder (Schaefer et al., 1998). So this is particularly 
important to investigate the distribution, locations, reactions of the nanoparticles into 
the solder during reflow (Shen and Chan, 2009). So a deep and qualitative analysis of 
the state and distribution of inert nanoparticles into the molten solder is needed.   
 
2.9 Summery and Conclusions 
There are several challenges to be met before the lead-based solders are completely 
replaced by the lead-free solders in the electronic industries. Among them the sustain 
trend of miniaturization and functional density enhancement requires much smaller 
solder joints with a fine pitch interconnections. These ultra-fine solder joints lead to 
high homologous temperature during services which may lead to coarsening of the 
microstructure at the solder/substrate interface. To ensure a fine and uniform solder 
joint microstructure, the key issue is to slow down the interfacial reactions between the 
solder and substrate. 
 
So far, numerous solders have been studied by researchers world wide. Most of the 
researches focus on the bulk microstructure and mechanical properties with and without 
the addition of additives. Some researches focus the addition of alloying elements as 
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well as nanoparticles to the lead-free solder. It was found from the previous research 
that addition of Fe, Co, Ni as an alloying element to the solder increases the 
intermetallic compound formation at the solder/substrate interface. Beside, 
nanoparticles of Co and Ni also show a similar trend of increasing the intermetallic 
compound thickness. Addition of inert nanoparticles such as TiO2, Al2O3, CNTs focus 
only the bulk microstructure and mechanical properties of the solder. No research has 
been done on the interfacial IMC with the addition of inert metallic nanoparticles.  
Clearly, at present, there is a serious lack of scientific data about the interfacial IMC 
between solder and substrate in presence of inert metallic nanoparticles such as Mo 
nanoparticles. Interaction between the solder and inert as well as active nanoparticles 
are far from being studied. Systematic laboratory work should be carried out under wide 
spectrum of experimental conditions that is likely to be encountered in practical 
conditions. 
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CHAPTER 3 
METHODOLOGY 
 
 
3.1 Raw Materials and Characterization 
In this research work commercial molybdenum (Mo) nanoparticle (99.8% trace metal 
basis) was used as a reinforcing material with the Sn-3.8Ag-0.7Cu (SAC) solder paste 
(Indium Corporation of America). The particle size of the SAC solder paste was 
determined from SEM (Philips XL-40) image. For this purpose, flux from the solder 
paste was removed by using propanol. Then a small amount of solder sample was taken 
in a sample holder and dried at 100ºC for one hour in an oven. After that the dried 
solder was analyzed under SEM.  
 
The morphology and size of the Mo nanoparticles were investigated by using a Philips 
CM200 transmission electron microscopy (TEM). For this purpose, a small amount of 
Mo nanoparticles were dispersed into distilled water onto a carbon film supported by 
copper grids. The grain size measurement and phase analysis of Mo nanoparticles was 
conducted by X-Ray diffractometer (XRD). The nanoparticles were exposed to CuKα 
(=0.15406 nm) radiation with a scanning speed of 2º/min in the 10-80º diffraction 
range with a step size of 0.05º.   
 
3.2 Sample Preparation and Treatment 
3.2.1 Preparation of Composite Solder Paste and Nanoparticles Distribution  
Mo nanoparticles were manually mixed with Sn-3.8Ag-0.7Cu (SAC) solder paste for a 
nominal composition up to 5 wt%. The mixing time was at least 30 min to obtain a 
homogeneous paste composition. To find out the distribution of Mo nanoparticles into 
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the SAC solder paste, small amount composite paste was taken to a SEM sample holder. 
Then the sample holder along with the composite paste were placed in an oven and 
heated at 100ºC for one hour to dry the paste composition. After that, the dry composite 
paste was analyzed by high resolution field emission SEM (Zeiss Ultra-60 FESEM) and 
energy-dispersive X-ray spectroscopy (EDX, EDAX-Genesis Utilities) to check the 
distribution of Mo nanoparticles into the SAC solder.     
 
3.2.2 Preparation of Reflowed Samples 
The solder samples were prepared on commercial polycrystalline copper sheets (30 mm 
x 30 mm x 0.3 mm). Prior to soldering, the sheets were cleaned and dipped in 10 vol% 
H2SO4 to remove oxide and then rinsed thoroughly in distilled water followed by 
cleaning with acetone. After the surface preparation the composite solder paste was 
placed on the copper substrate through a mask having an opening diameter of 6.5 mm 
and 1.24 mm thickness (JIS Z3198-3, 2003). Then the composite solder paste was 
reflowed on a hot plate at 250ºC for 45 s.  
 
3.2.3 Multiple Reflow  
After first reflow one set of samples were reflowed again in a reflow oven (Forced 
convection, FT02) for two, four and six times at 250ºC for 45 s. After reflow, the 
solders were cleaned with acetone to remove the flux residue. The multiple reflowed 
samples were also cross sectioned, mounted in epoxy and polished by employing the 
standard metallographic techniques. The cross-sectional view of the interfacial IMC 
was observed by backscattered electron detector under a scanning electron microscope 
(SEM). The elemental analysis was carried out by using energy dispersive X-ray 
spectroscopy (EDX). To expose the top surface of the intermetallic compound, the 
solders were chemically etched for 24h as it is mentioned previously. In this case also 
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the microstructure was observed by SEM and high resolution field emission SEM (Zeiss 
Ultra-60 FESEM). The elemental analysis was carried out by energy-dispersive X-ray 
spectroscopy (EDX, EDAX-Genesis Utilities). 
` 
3.2.4 Solid State Aging 
After first reflow another set of solder samples were subjected to aging at a temperature 
100ºC, 125ºC, 150ºC and 175ºC up to 1008 h. The aging time and temperatures for 
different solders are shown in the Table 3.1. After the aging tests, the samples were also 
cross sectioned and polished to a 0.02 µm finish employing the standard metallographic 
techniques. To expose the top surface of the intermetallic compound, the solders were 
chemically etched for 24 h with (93% CH3OH + 5% HNO3 + 2% HCl) (Yen et al., 
2008). The microstructure was examined by an optical microscope, a scanning electron 
microscope (SEM) and a high resolution field emission SEM (Zeiss Ultra-60 FESEM). 
The elemental analysis of the phases was carried out using energy-dispersive X-ray 
spectroscopy (EDX, EDAX-Genesis Utilities) and elemental mapping. 
 
Table 3. 1: Aging test conditions for different solder samples. 
 
Aging Time (h) Solder 
Alloy 24 96 168 336 504 840 1008 
SAC 100ºC 
125ºC 
150ºC 
175ºC 
100ºC 
125ºC 
150ºC 
175ºC 
100ºC 
125ºC 
150ºC 
175ºC 
100ºC 
125ºC 
150ºC 
175ºC 
100ºC 
125ºC 
150ºC 
175ºC 
100ºC 
125ºC 
150ºC 
175ºC 
- 
- 
150ºC 
- 
SAC + 
0.04 n-
Mo 
100ºC 
125ºC 
150ºC 
175ºC 
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3.3 Characterization of Samples 
3.3.1 Differential Scanning Calorimetry Measurement of Solder Paste 
Differential scanning calorimetry (DSC, Mettler DSC 820, Switzerland) measurements 
were conducted to find out the melting temperatures of the composite solder pastes. 
Samples were weighted by a microbalance (~10-15 mg). Then the samples were placed 
on a 70µl platinum crucible inside the DSC furnace and heated to 250ºC at a heating 
rate of 10ºC/min. The onset temperature in the DSC curve was taken as the melting 
point of the solders. 
 
3.3.2 Inductively coupled-Optical Emission Spectrometer 
The solder samples were chemically analyzed by inductively coupled-Optical Emission 
Spectrometer (ICP-OES, Perkin Elmer Optima 2000 DV) to find out the actual amount 
of molybdenum content in the solder. After reflow, the flux residue on top of the solder 
matrix was removed by hexane. The solders were scratched out using tweezers. After 
that 0.5g of flux residue and solders were digested in 5 ml concentrated hydrochloric 
acid (HCl) separately and then diluted to 100 ml deionized water. The calibration 
standard solution of Mo (Cat No. 1.70227.0500, Merck) were prepared from the 1000 
ppm stock solution. Each calibration curve was created using three standard 
concentration curves (2, 4 and 6 ppm). The concentration of Mo inside the solder and 
flux was indicated by the intensity of the emission. 
 
3.3.3 Spreading Rate and Wetting Angle 
The ability of the molten solder to spread over the substrate is used to measure the 
wetting behavior. After first reflow, at least twelve samples were utilized to calculate 
the spread rate according to the Japanese Industrial Standard (JIS Z3198-3, 2003). 
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According to the Japanese Industrial Standard, the spread rate was calculated by the 
following equation (3.1). 
100
D
HDSR   (3.1) 
And, 3
1
24.1 VD     (3.2) 
 
Where, SR = Spread rate (%), H = Height of the spread solder (mm), D = Diameter 
when the solder used for a test is considered as a ball (mm) and V = Mass/density of the 
solder sample used for the test = 7.5 gm/cm3. 
 
After calculating the spreading rate, the solder samples were cross sectioned, mounted 
in epoxy and polished up to 0.02 µm finish by employing standard metallographic 
technique for measuring the wetting angle by optical microscope.  
 
3.4 Reactions in the Liquid State and Dissolution Behavior 
To study the reactions in the liquid state and dissolution behavior, polycrystalline Cu 
wire having a diameter 250 µm was used as the substrate. Prior to soldering, the wire 
was cleaned and dipped in 10 vol. % H2SO4 to remove any oxide contamination. After 
that the wire was thoroughly rinsed in distilled water followed by cleaning with acetone. 
Weighed solder paste with masses of 20.0 g were then placed in a crucible in the 
furnace. The paste was heated to 250°C and held at that temperature for at least 5 
minutes to homogenize the composition.  Then the substrates were dipped vertically 
into the solders. The reaction time was 5 to 15 minute. The copper wire-solder reaction 
couples were mounted in epoxy resin to prepare the cross-sectional samples for 
metallographic preparation. The diameter of the Cu wire after reaction with the liquid 
solder was measured under a low magnification optical microscope. Diameter 
measurement was done on least three different samples at eight different angles and the 
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average value is reported here. The interfacial microstructure between the solder and 
substrate was examined by backscattered electron detector under a scanning electron 
microscope (SEM). The elemental analysis of the phases was carried out using energy-
dispersive X-ray spectroscopy (EDX). 
 
To find out the distribution of Mo nanoparticles, solders were also prepared on 
commercial polycrystalline copper sheets (30 mm x 30 mm x 0.3 mm) as it is 
mentioned in the section 3.2.3. In this case, the composite solder paste was reflowed on 
the hot plate at 250ºC for 5 min with a nominal 5 wt% Mo concentration. To expose the 
top surface of the interfacial IMC the solder samples were chemically etched for 24 h 
with (93% CH3OH + 5% HNO3 + 2% HCl) (Yen et al., 2008). The microstructure and 
elemental analysis was carried out with conventional SEM, field emission SEM (Zeiss 
Ultra-60 FESEM) and EDX (EDAX-Genesis Utilities). For observing and analyzing the 
nanoparticles, In-Lens detector was used in FESEM with EHT voltage of 10kV. The 
working distance was 7.2mm. Using these parameters the samples were magnified up to 
50K for microstructural investigations.  
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
 
4.1 Characterization of As-Received Materials 
4.1.1 Morphology and Particle Sizes of Solder Paste 
Figure 4.1 shows the morphology of Sn-3.8Ag-0.7Cu (SAC) solder powder in the 
solder paste. Flux was removed from the solder paste by dissolving it in propanol. The 
shape of the SAC solder particles is spherical with a small variation in diameter. The 
average diameter calculated from Figure 4.1 is 34±6 µm. 
 
 
Figure 4. 1: SEM image of SAC solder powder (Flux has been removed). 
 
 
4.1.2 Transmission Electron Microscopy of Mo nanoparticles 
Figure 4.2 shows a transmission electron microscopy (TEM) micrograph and the 
particle size distribution of Mo nanoparticles. More than 250 particles were used for 
calculating particle size distribution. It is found from the distribution that the size of the 
most particles is in between 20-100 nm, although some particles are as big as 200 nm. 
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But the frequency of the particles having size more than 200 nm is quite low. The 
weighted average of the size distribution shows that the average size of Mo 
nanoparticles is 70 nm. 
        
Figure 4. 2: (a) TEM micrograph of the Mo nano particles, (b) Histogram of particle 
size. 
 
 
4.1.3 X-Ray Diffraction of Mo Nanoparticles 
The XRD pattern of the Mo nanoparticles is shown in Figure 4.3.  Three strong peaks at 
40.509º, 58.599º and 73.660º clearly indicates the presence of (110), (200) and (211) 
crystal plane in Mo nanoparticles respectively. It may be noted that no oxide peak was 
observed from the XRD pattern. The grain size of Mo nanoparticles was calculated by 
using the Scherrer’s equation. The parameter β in the Scherrer’s equation was corrected 
by assuming it as a Gaussian function for the diffraction peaks and instrumental 
broadening. The average grain size of Mo nanoparticle was found around 40 nm. 
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Figure 4. 3: X-Ray diffraction (XRD) patterns of Mo nanoparticles. 
 
 
4.2 Distribution of Nanoparticles with the SAC Solder Paste 
The spatial distribution and elemental map of Mo nanoparticles in the solder paste 
nominally containing 2 wt% Mo after 30 min mixing are shown in Figure 4.4.  Figure 
4.4a shows an overall view of the paste at a lower magnification. It is seen in Figure 
4.4a that tiny Mo nanoparticles adhere to the surface of large SAC balls. Mo 
nanoparticles are also seen in the in the flux situated at the crevices between SAC balls. 
High magnification images provide clean views of both SAC ball surface (Figure 4.4c) 
and flux (Figure 4.4d). It is observed that Mo nanoparticles are fairly well distributed in 
the paste. 
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Figure 4. 4: FESEM images of solder paste after blending, nominally containing 2 wt% 
of Mo nanoparticles (a) distribution of Mo nanoparticles into the solder paste, (b) 
elemental mapping of the composite paste showing Mo (red), Sn (cyan), Ag (blue), and 
Cu (yellow), (c) high resolution image focused on the solder ball surface and (d) high 
resolution image focused on the flux. 
 
 
4.3 Chemical Analysis of the Reflowed Samples 
Upon reflow, the solder balls melted, coalesced and formed the solder joint. The flux 
residue stays on the surface of the solder joint. In order to find out how much Mo 
nanoparticles is retained in the solidified solder, the latter was chemically analyzed by 
ICP-OES. The actual Mo content of the solder is shown in the Table 4.1. For the 
nominal addition of 1, 2, 3 and 5 wt% of Mo nanoparticles into the solder paste, the 
actual content in the solder is found to be only 0.04, 0.10, 0.14 and 0.30 wt% of Mo 
respectively. The rest of the Mo enters in the flux residue (Arafat et al., 2011). 
Hereafter, solders actually containing 0.04, 0.10, 0.14 and 0.30 wt % Mo will be 
(b) 
(d) (c) 
(a) 
Mo nanoparticles 
Solder ball 
Mo nanoparticles 
Flux 
Flux 
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designated as (SAC + 0.04 n-Mo), (SAC + 0.10 n-Mo), (SAC + 0.14 n-Mo) and (SAC + 
0.30 n-Mo) respectively with n referring to nanoparticles. 
 
Table 4. 1: Molybdenum content of solders analyzed by ICP-OES after reflow. 
 
Nominal Mo Content, wt 
% 
Actual Mo content in the 
solder, wt % 
Actual Mo content in 
the flux, wt % 
1.0 0.04 5.40 
2.0 0.10 6.85 
3.0 0.14 - 
5.0 0.30 - 
 
 
It may be noted that the solder paste consists of a flux in which SAC solder balls were 
dispersed.  After the addition and mixing of nanoparticles, the Mo nanoparticles also 
dispersed within in the flux remaining in between the SAC balls (Figure 4.4).  During 
reflow process, a fraction of the nanoparticles enters the molten pool of solder and 
eventually got trapped inside the solidified solder mass.  The rest stays with the flux 
residue. Similar result was obtained for Co nanoparticles (Arafat et al., 2011). However, 
in the case of Co nanoparticles, the fraction of nanoparticles retained in the solder was 
higher. The incorporation of nanoparticles into solder will mainly depend on the 
interactions between nanoparticles and the solder. It has been suggested that a 
reinforcing particle can be pushed (rejected), engulfed or entrapped at the particle-liquid 
metal interface depending upon the interaction mechanisms (Wilde and Perepezko, 
2000, Dhindaw, 1999). The incorporation of a lower amount of Mo in SAC suggests 
that Mo nanoparticles experiences rejection by the liquid SAC interface to a greater 
extent. Poor wetting of Mo and SAC could be a reason for higher rejection. 
Notwithstanding the rejection, the amount of Mo nanoparticles still retained in the 
solder has definite influence on interfacial IMC growth characteristics as will be 
discussed later.  
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This simple paste mixing method to incorporate nanoparticles into the solder is gaining 
increasing attention by the researchers nowadays (Tai et al., 2005, Shen et al., 2006). 
Reported results on sample prepared by paste mixing method also show that enough 
nanoparticles can be incorporated to the solder to enhance its properties (Tai et al., 
2005, Shen et al., 2006). On the other hand this method can be used in the conventional 
reflow process using the existing industrial infrastructure (Zerrer et al., 2008, Chen et 
al., 2009). 
 
4.4 Melting Behavior of Composite Solder Paste 
Figure 4.5a shows the DSC curves for SAC and nanocomposite solders. On heating the 
samples show a clear endothermic peak for SAC and nanocomposites. Addition of Mo 
nanoparticles is found to broaden the peaks and lead to the occurrence of a shoulder at 
the higher temperature side of the melting peak. The melting temperature of the solders 
was measured from the onset of endothermic peaks. It was found from the onset 
endothermic peaks of SAC solder that the melting temperature of SAC is 217.1ºC. This 
result is consistent with other reported results (Kumar et al., 2008, Gao et al., 2009). 
The addition of Mo nanoparticles is seen to cause a slight decrease in the onset melting 
temperature (Figure 4.5b). With the addition of 0.30 wt% Mo into the SAC solder the 
onset melting point drops from 217.1ºC to 215.5ºC.  
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Figure 4. 5: (a) DSC curve of the composite solders, (b) Effect of Mo content on the 
onset temperature of the solders. 
 
 
A number of researchers studied the melting behavior of nanocomposite solders (Liu et 
al., 2008a, Kumar et al., 2008, Shen et al., 2006). The addition of SiC (Liu et al., 
2008a), carbon nanotubes (Kumar et al., 2008) was found to lower the onset 
temperature by a couple of degree. Moreover the onset temperature decreased to a 
greater extent as more nanoparticles were added to the solder.  These observations are 
similar to what has been observed in the present study. It may be mentioned that in the 
above reported studies, nanoparticles such as SiC, carbon nanotubes used were inert and 
are unlikely to dissolve in the solder. Thus the depression in onset temperature can not 
be attributed to a dissolution or alloying effect. No mechanism for such depression in 
onset temperature has been confirmed.  However, some sort of increased surface 
instability caused by higher surface energy of nanoparticles has been suggested as a 
possible reason (Liu et al., 2008a, Kumar et al., 2008). It is possible that higher 
interfacial energy could cause an early melting at the solder/nanoparticle interface 
which led to lower onset temperature. It was also observed that the addition of Mo 
nanoparticles led to the occurrence of a shoulder at the higher temperature side of the 
melting paste. It may be noted that for the DSC heating rate used in the present study, 
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10º C/min, no shoulder was obtained for SAC by others (Nishikawa et al., 2009). The 
DSC curve obtained for SAC in the present study is consistent with the earlier results. 
The occurrence of shoulders and the broadening in the DSC curve of melting paste 
brought about by Mo nanoparticle indicate that the presence of these particles change, 
to some extent, the melting behavior of the solder. 
 
4.5 Spreading Rate and Wetting Angle 
Figure 4.6 shows the spreading rate and wetting angle of the Mo added nanocomposite 
solder as a function of nanoparticles content. The spread rate drops from 79.8 to 76.8% 
to the (SAC + 0.10 n-Mo) solder with a maximum standard deviation ~2 (Figure 4.6 a). 
On the other hand the wetting angle increases from 17.8º to 28.8º to the (SAC + 0.10 n-
Mo) solder with a maximum standard deviation ~5 (Figure 4.6.b). 
 
 
Figure 4. 6: (a) Spread rate and (b) wetting angle as a function of wt % of Mo 
nanoparticles. 
 
 
Actually, spreading rate and wetting angle are used to measure the solderability of the 
composite paste. For good metallurgical bond between solder and substrate, the 
spreadability and wettability should be in acceptable range. It is generally agreed that 
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higher spreading rate with a lower wetting angle is desired during reflow. With 
increasing Mo nanoparticles up to 0.1 wt % into the SAC solder paste the spreading rate 
decreases from 79.8 to 76.8% but the wetting angle increases from 17.8º to 28.8º. 
However Mo nanoparticles-added SAC solder shows a considerable solderability 
comparing the SAC and Sn-Pb solder (Wang et al., 2008). Reported results of wetting 
angle by wetting balance technique for Sn-Pb solder on Cu substrate was found 20º 
(Wang et al., 2008). The possible reason for decreasing spreading rate could be due to 
the increase of melt viscosity for addition of nanoparticles into solder paste. Increased 
amount of nanoparticles inhibits the molten composite solder to flow on the substrate 
(Nai et al., 2006). Inhibition to flow of the composite melt on the substrate is believed 
to lead higher wetting angle compare with SAC solder. 
 
4.6 Effect of Mo Nanoparticles on IMC during Reflow 
4.6.1 IMC Morphology and Thickness in Cross-Sectional View  
Figure 4.7 (a, b) shows the cross sectional backscattered electron micrographs of SAC 
and (SAC + 0.10 n-Mo) after first and six reflow. Formation of IMC between the solder 
and Cu substrate is clearly visible. On all samples, Cu6Sn5 with a typical scallop type 
morphology formed. The composition of Cu6Sn5 was confirmed by EDX. Below the 
Cu6Sn5 layer, a thin flat layer of Cu3Sn having a darker contrast is visible in all samples. 
Evidence of the formation of a very thin Cu3Sn IMC layer during reflow is available in 
the literature between Sn-based solder and Cu substrate (Shang et al., 2009, Gong et al., 
2009). A comparison between Figure 4.7a and 4.7b shows that the addition of Mo 
nanoparticles results in a decrease in overall IMC thickness after first reflow. The effect 
of Mo nanoparticles is evident after six times reflow as well (Figure 4.7c and 4.7b). No 
molybdenum could be detected inside the Cu6Sn5 IMC by EDX analysis for both first 
time and six times reflow. 
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Figure 4. 7: Backscattered electron micrographs of the cross sectional view (a) SAC 
after first reflow, (b) (SAC + 0.10 n-Mo) after first reflow, (c) SAC after six times 
reflow and (d) (SAC + 0.10 n-Mo) after six times reflow. 
 
 
The thickness of the interfacial IMC increases with an increase in the number of reflow 
for both SAC and Mo nanoparticle added SAC solder. But the thickness of the 
interfacial IMC is lower in all cases for the Mo nanoparticles-added solder compared 
with the SAC solder. In Figure 4.8, the variation of IMC thickness is shown with 
respect to the number of reflow for both SAC and Mo nanoparticles-added solders. 
Lower IMC thickness is observed for all Mo nanoparticles-added samples.  
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Figure 4. 8: Effect of Mo nanoparticles on the reflow behavior. 
 
 
4.6.2 IMC Morphology and Scallop Diameter in Plan View 
Deep etching was employed to reveal the top view of the interfacial IMC of the solder 
sample. Figure 4.9 shows a typical low magnification micrograph of the (SAC + 0.10 n-
Mo) solder sample after deep etching. It is seen from the figure that the visibility of 
interfacial IMC in top view depends on the extent of etching. Places where etching is 
complete, a clear view of IMC can be seen as it is indicated by white outline in the 
Figure 4.9. To compare top morphology of the top view of interfacial IMC on different 
samples, places of complete etching was observed under SEM. To find out the 
distribution of Mo nanoparticles particularly places where the etching was incomplete 
was observed. 
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Figure 4. 9: SEM micrograph of (SAC + 0.10 n-Mo) sample showing the extent of 
etching [2x reflow]. 
 
 
Figure 4.10 shows the top view of the interfacial IMC for the SAC and Mo 
nanoparticles-added solder samples after first and six times reflow. Places undergoing 
complete etching were utilized to observe the morphology of the top view of interfacial 
IMC as mentioned earlier. In all cases, it is found that the morphology of the interfacial 
IMC is scallop type. EDX analysis on these scallops confirmed that these are Cu6Sn5 
IMC. From Figure 4.10 it is seen that as the number of reflows is increased, the 
diameter of the scallop is increased for both SAC and Mo nanoparticles-added solders. 
It is also seen that the diameter of the scallops is smaller for Mo nanoparticles-added 
solder compared with that of SAC in all reflow conditions. In Figure 4.11 the average 
scallop diameter is represented with respect to reflows number for different samples. 
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Figure 4. 10: Top view of the interfacial IMC (a) SAC after first reflow, (b) (SAC + 
0.04 n-Mo) after first reflow, (c) (SAC + 0.10 n-Mo) after first reflow, (d) SAC after 
four times reflow, (e) (SAC + 0.04 n-Mo) after four times reflow, (f) (SAC + 0.10 n-
Mo) after four times reflow, (g) SAC after six times reflow, (h) (SAC + 0.04 n-Mo) 
after six times reflow, and (i) (SAC + 0.10 n-Mo) after six times reflow. 
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Figure 4. 11: Scallop diameter as a function of number of reflows. 
(a) SAC, 1X 
(g) SAC, 6X 
(d) SAC, 4X 
(b) (SAC + 0.04 n-Mo), 1X 
(h) (SAC + 0.04 n-Mo), 6X 
(e) (SAC + 0.04 n-Mo), 4X 
(i) (SAC + 0.10 n-Mo), 6X 
(f) (SAC + 0.10 n-Mo), 4X 
(c) (SAC + 0.10 n-Mo), 1X 
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4.6.3 Distribution of Mo Nanoparticles in the Solder 
EDX elemental mapping was carried out to find the distribution of Mo nanoparticles on 
the top surface of the interfacial Cu6Sn5 IMC at randomly selected positions. For this 
purpose places undergoing incomplete etching was examined. Figure 4.12 shows a 
typical micrograph of the top view of Cu6Sn5 IMC of the (SAC + 0.04 n-Mo) solder 
after four times reflow. Area presented in Figure 4.12 underwent incomplete etching. 
Two types of white particles can be seen in the micrograph. One type of particles has a 
bright appearance with an irregular shape (Marked ‘X’). These types of irregular shaped 
particles were found in both SAC and Mo nanoparticles-added SAC solders. EDX spot 
analysis confirmed that these irregular shaped particles are Ag3Sn. The formation of 
Ag3Sn on Cu6Sn5 after reflow has been observed by other researchers for Sn–based 
solder prepared on Cu or Ni substrate (Yu et al., 2005a). The second type of bright 
particles have almost perfectly spherical shape (marked ‘Y’) and were found only in Mo 
nanoparticles-added solders. EDX spot analysis revealed the occurrence of 
predominately Mo in these particles. This suggests that these particles are Mo 
nanoparticles. It may be noted that the microscopic investigation and elemental spot 
analysis on the Mo nanoparticles were done in an ultra high resolution field emission 
SEM (Zeiss Ultra-60 FESEM) equipped with EDX (EDAX-Genesis Utilities) which 
provides good imaging and analytical resolution.  
 
 
 
 56 
 
Figure 4. 12: (a) FE-SEM image of (SAC + 0.04 n-Mo) solder after four times reflow 
(b) EDX spectrum taken on particle ‘X’ and (c) EDX spectrum on ‘Y’. 
 
 
Figure 4.13 shows a typical elemental map obtained from FE-SEM to show the 
distribution of Mo nanoparticles on (SAC + 0.10 n-Mo) samples. This sample was 
reflowed for six times. It is found in Figure 4.13a that the spherical Mo nanoparticles 
are present on the top surface of IMC scallops and in between the scallop channels. 
SEM image together with the elemental maps for Mo, Sn and Cu given in Figure 4.13 
suggest that spherical Mo nanoparticles are located at the boundaries between IMC 
scallops. Random EDX area analysis on multiple spots yielded a Mo concentration of 
about 3-3.5 wt% on the partially etched IMC surface. It may be noted that the average 
concentration of Mo in the bulk solder for this sample is only 0.1 wt %. It is thus likely 
that Mo nanoparticles particularly stay at the IMC surface. The reason for the 
preferential segregation of Mo nanoparticles at the liquid/IMC interface is not clear. 
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Expulsion of Mo particles as the solidification front of IMC advances into the liquid 
could be one of the reason. It may be noted that the substrate was placed in a horizontal 
position during reflow. Thus the density difference between liquid tin (6.99 gm.cm-3) 
and molybdenum (10.28 gm.cm-3) could also have contributed to this segregation. 
Through their presence on the IMC surface, Mo nanoparticles are believed to have a 
retarding effect on the IMC growth. 
 
 
Figure 4. 13: (a) FESEM micrograph of (SAC + 0.10 n-Mo) solder after six times 
reflow, and elemental distribution of (b) Mo, (c) Sn and (d) overlapping of the 
elemental distribution of Sn, Ag, Cu, Mo. 
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4.7 Effect of Mo Nanoparticles on Interfacial IMC 
4.7.1 State of Mo Nanoparticles during Reflow 
The exact mechanism(s) through which Mo nanoparticles suppresses the growth of 
interfacial IMC thickness and scallop diameter is not clear. However, several scenarios 
can be speculated. In one extreme, nanoparticles may remain as discrete, unaltered 
particles during reflow. On the other extreme, they can be completely consumed in 
some reaction(s) or through dissolution within the molten solder. Actual alteration that 
the nanoparticles may undergo will depend on a number of factors, including their 
melting point and chemical interaction(s) with the solder. Molybdenum has a relatively 
high melting point (2623ºC) compared with the reflow temperature (250ºC) used in this 
study. So, under the present experimental condition, Mo nanoparticles are not expected 
to physically melt during reflow. Comparing the Figure 4.2 and Figure 4.13, it is found 
that the original nearly perfect spherical shape of Mo nanoparticles is preserved even 
after six times reflow. This suggests that the nanoparticles did not undergo any 
significant physical or chemical changes during multiple reflows. Referring to the Mo-
Sn phase diagram, Mo has negligible solubility in Sn. The phase diagram shows that as 
many as three IMCs e.g., Mo3Sn, Mo2Sn3/Mo3Sn2, and MoSn2 can exist in the Mo-Sn 
system (Brewer and Lamoreaux, 1980). But no evidence of Mo-Sn compound 
formation was found on Mo nanoparticles by EDX. For instance, in the elemental map 
(Figure 4.13), Sn signals does not appear at the places where Mo particles are present. It 
may be noted that Mo does not form any compound with Cu and Ag at 250ºC, and has 
no solubility in these elements (Baren, 1990, Subramanian and Laughlin, 1990). 
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4.7.2 Suggested Mechanism for Retardation of IMC Growth by Mo 
Nanoparticles 
When Mo nanoparticles are mixed with SAC solder paste and reflowed at 250ºC, they 
remain as stable solid particles. The nanoparticles do not particularly undergo any kind 
of chemical reactions or dissolution. So the retardation of IMC growth and scallop 
diameter are solely due to the particle effect of Mo nanoparticles. There can be three 
possibilities through which Mo nanoparticles can lower the thickness and reduce the 
diameter of IMC scallop: 
i) Mo nanoparticles can act as heterogeneous nucleation sites for the formation 
of Cu6Sn5 nucleus. This can increase the density of nucleation of Cu6Sn5 
grains, 
ii) Mo nanoparticles may have pinning effect on the growing front of Cu6Sn5 
scallops, and 
iii) Both (i) and (ii). 
 
For a particle to act as a heterogeneous nucleation site, the interfacial energy between 
the liquid and solid particles should be low. In other words, the wetting angle of the 
liquid at the solid surface should be low. No data on the interfacial energy and wetting 
angle between liquid Cu6Sn5 and Mo is available in the literature. Available data shown 
that wetting angle between liquid tin (Lesnik et al., 1970) and molybdenum as well as 
that between liquid copper (Naidich et al., 1988) and molybdenum is high. So, if the Mo 
nanoparticles act as heterogeneous nucleation sites, it is likely that the nanoparticles 
could be formed as inclusions in the Cu6Sn5 scallops. Extensive examination of multiple 
samples on cross-section under high resolution SEM could not identify any such 
inclusion. These lead on to suggest that Mo nanoparticles are unlikely to act as 
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heterogeneous nucleation sites. It is therefore believed that the influence of Mo 
nanoparticles on the Cu6Sn5 layer is due to their effect on the growth process.  
 
Experimental results through high resolution FESEM clearly shows that the presence of 
Mo nanoparticles on the surface of IMC (Figure 4.12) and at channels between the IMC 
scallops was confirmed (Figure 4.13). In fact higher percentage of Mo was found on the 
IMC surface (3-3.5 wt %) compared with the average Mo content of the solder. This 
indicates that the nanoparticles tend to stay on the IMC scallops particularly. Through 
their presence on the IMC surface, Mo nanoparticles are believed to have a retarding 
effect on the IMC growth.   
 
The mechanism through which Mo nanoparticles suppress the interfacial IMC thickness 
and scallop diameter may be explained by referring to Figure 4.14. Kim and Tu (Kim 
and Tu, 1996), suggested that liquid channels exists between the Cu6Sn5 scallops. These 
channels extend all the way to Cu3Sn/Cu interface. These channels serve as fast 
diffusion and dissolution paths for Cu and thus feed the interfacial reaction. Ignoring the 
presence of Cu3Sn IMC and all other chemical reactions for convenience, Kim and Tu 
(Kim and Tu, 1996) considered that two kind of fluxes are responsible for the growth of 
the scallops. One is flux of ripening (JR) and the other is flux of interfacial reaction (JI). 
At the start of reflow, Cu6Sn5 scallops nucleate at the solder/substrate interface and they 
grow with increasing reflow time due to Cu supply from JR and JI. Cu6Sn5 scallops 
grow both in thickness and diameter. JI feeds the thickness growth, while JR causes 
coalescence and increased diameter of the scallops (Figure 4.14a). 
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Figure 4. 14: Schematic diagram of scallop growth in (a) SAC solder, (b) Mo 
nanoparticles added SAC solder preferentially absorbed at the IMC scallops (Figures 
are not in scale). 
 
 
When Mo nanoparticles are added to the solder, they block the channels between the 
IMC scallops and preferentially absorbed at the growth front of IMC scallops (Figure 
4.14b). The blocking of the channels obstructs the movement of copper atoms from the 
substrate to the liquid solder and hence reduces JI. This helps to reduce the thickness of 
IMC. The adsorbed Mo nanoparticles on the IMC surface will reduce JR and act as a 
barrier to the coalescence of neighboring scallops. This causes a reduction in scallop 
diameter. 
 
 
Cu Substrate 
Cu6Sn5 Scallop 
Cu6Sn5 Scallop 
Molten SAC Solder 
JR 
JI 
Growth 
Mo Nanoparticles 
on IMC Scallops 
Cu6Sn5 Scallop 
Cu Substrate 
Molten Composite Solder 
JI 
Growth 
JR 
 
 (a) 
 (b) 
 62 
The effect of Mo nanoparticles on the IMC growth could be compared with that of Co 
nanoparticles as describes in the literature (Haseeb and Leng, 2011).  The addition of 
Co nanoparticles was found to increase the thickness of Cu6Sn5 but decrease Cu3Sn 
thickness (Haseeb and Leng, 2011). This was very similar to the case when Co is added 
as alloy addition (Wang et al., 2009). It was therefore suggested (Haseeb and Leng, 
2011) that Co nanoparticles dissolve during reflow and exert their influence on IMC 
through alloying effect. This is in contrast with Mo nanoparticles which remain intact as 
it is found in this study. Molybdenum being a refractory metal with high melting point 
and low reactivity remains stable during reflow. These particles do not undergo any 
detectable alteration during reflow. It is therefore suggested that Mo nanoparticles exert 
their influence on the interfacial IMC growth as discrete particles.  
 
4.8 High Temperature Aging 
4.8.1 Morphology of Interfacial IMC during High Temperature Aging 
After first reflow one set of samples were subjected to high temperature aging at the 
temperature of 100ºC, 125ºC, 150ºC and 175ºC for the time period ranging from 24h to 
1008h. Figure 4.15(a-l) compares the interfacial IMC in the cross sectional view of 
solder samples after high temperature aging at 150ºC. Both Cu6Sn5 and Cu3Sn IMC 
layer are clearly visible in the cross sectional view for SAC and nanocomposites. The 
scallop morphology of the both IMC layers seems to be similar in SAC and 
nanocomposite solders. Within the resolution of EDX, no molybdenum was found in 
the Cu6Sn5 and Cu3Sn layer after high temperature aging. Some Ag3Sn particles were 
found to be embedded inside and at the growth front of Cu6Sn5 IMC during high 
temperature aging. Formation of Ag3Sn at the IMC/solder interface also found in the 
literature for the Sn-based solders (Yu et al., 2005a).  
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Figure 4. 15: Cross sectional backscattered electron micrographs of solder samples aged 
at 150ºC (a) SAC, 48h; (b) (SAC + 0.04 n-Mo), 48h; (c) (SAC + 0.10 n-Mo), 48h; (d) 
SAC, 168h; (e) (SAC + 0.04 n-Mo), 168h; (f) (SAC + 0.10 n-Mo), 168h; (g) SAC, 
504h; (h) (SAC + 0.04 n-Mo), 504h; (i) (SAC + 0.10 n-Mo), 504h; (j) SAC, 1008h; (k) 
(SAC + 0.04 n-Mo), 1008h; (l) (SAC + 0.10 n-Mo), 1008h. 
 
 
With increasing the aging time, the thickness of total IMC layer as well as Cu3Sn IMC 
layer is increased as it is seen in Figure 4.16. It is found that the addition of Mo 
nanoparticles to the SAC solder results in a decrease in the total IMC layer (Figure 4.15 
and 4.16a). However, nanoparticles do not have any significant influence on the 
thickness of the Cu3Sn IMC layer during high temperature aging (Figure 4.16b). In 
other words, Mo nanoparticles help to reduce the thickness of Cu6Sn5. 
(a) SAC, 48h (b) (SAC + 0.04 n-Mo), 48h 
(j) SAC, 1008h 
(g) SAC, 504h 
(d) SAC, 168h 
(l) (SAC + 0.10 n-Mo), 1008h 
(f) (SAC + 0.10 n-Mo), 168h 
(c) (SAC + 0.10 n-Mo), 48h 
(k) (SAC + 0.04 n-Mo), 1008h 
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Figure 4. 16: (a) Total IMC thickness, (b) Cu3Sn layer thickness of the SAC and 
nanocomposite solder as a function of aging time. 
 
 
Deep etching was also employed to reveal the top surface of IMC layer in aged samples. 
Figure 4.17, 4.18, 4.19 and 4.20 shows the secondary electron micrographs of the top 
surface of IMCs after aging at 100ºC, 125ºC, 150ºC and 175ºC for 504 h and 840 h 
respectively.  The ratio of elements in the IMC layer at the top surface by EDX analysis 
confirms the occurrence of Cu6Sn5. In all samples some white particles were found on 
the top surface of Cu6Sn5 IMC. EDX analysis confirms that these white particles are 
Ag3Sn. It may be recalled that places undergone complete etching was utilized to 
observe the top IMC morphology. 
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Figure 4. 17: SEM images of the top surface of interfacial IMC of (a) SAC, aged for 
504 h, (b) (SAC + 0.10 n-Mo), aged for 504 h, (c) SAC, aged for 840 h, (d) (SAC + 
0.10 n-Mo), aged for 840 h at 100ºC. 
 
(a) SAC, 504 
h 
(c) SAC, 1008 h 
(b) (SAC + 0.10 n-Mo), 504 h 
(d) (SAC + 0.10 n-Mo), 1008 h 
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Figure 4. 18: SEM images of the top surface of interfacial IMC of (a) SAC, aged for 
504 h, (b) (SAC + 0.10 n-Mo), aged for 504 h, (c) SAC, aged for 840 h, (d) (SAC + 
0.10 n-Mo), aged for 840 h at 125ºC. 
 
(c) (SAC + 0.10 n-Mo), 504 h (a) SAC, 504 h 
(c) SAC, 1008 h (d) (SAC + 0.10 n-Mo), 1008 h 
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Figure 4. 19: SEM images of the top surface of interfacial IMC of (a) SAC, aged for 
504 h, (b) (SAC + 0.10 n-Mo), aged for 504 h, (c) SAC, aged for 840 h, (d) (SAC + 
0.10 n-Mo), aged for 840 h at 150ºC. 
 
(a) SAC, 504 h 
(c) SAC, 840 h 
(b) (SAC + 0.10 n-Mo), 504 h 
(d) (SAC + 0.10 n-Mo), 840 h 
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Figure 4. 20: SEM images of the top surface of interfacial IMC of (a) SAC, aged for 
504 h, (b) (SAC + 0.10 n-Mo), aged for 504 h, (c) SAC, aged for 840 h, (d) (SAC + 
0.10 n-Mo), aged for 840 h at 175ºC. 
 
 
It is seen from Figure 4.17-4.20 that with increasing the aging time and temperature, the 
size of the Cu6Sn5 scallops increases for SAC and nanocomposite solder. It is also 
found that addition of Mo nanoparticles hinders the growth of Cu6Sn5 scallops in all 
aging conditions. Some white particles are found to be dispersed randomly on the top 
surface of the Cu6Sn5 IMC in all samples. The EDX analysis ensures that these white 
particles are Ag3Sn. Formation of nanosized Ag3Sn is frequent during reflow for Sn-
based solders (Yu et al., 2005a). It may be noted that the region shown in the Figures 
4.17-4.20 underwent complete etching. So, Mo nanoparticles are not likely to be found 
on these surfaces. 
 
(a) SAC, 504 h 
(c) SAC, 1008 h 
(b) (SAC + 0.10 n-Mo), 504 h 
(d) (SAC + 0.10 n-Mo), 1008 
h 
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The size of Cu6Sn5 scallops is plotted as a function of aging time in the Figure 4.21(a-d) 
at the aging temperature 100ºC, 125ºC, 150ºC and 175ºC respectively. With increasing 
the aging time it is found that the round scallop shaped Cu6Sn5 grains turn to planner 
type scallops. Evidence of such morphological change of Cu6Sn5 during aging is found 
in the literature for Pb-Sn solder also (Tu, 2007, Yang et al., 2011). 
 
Figure 4. 21: Average IMC diameter of the SAC and nanocomposite solder as a 
function of aging time at (a) 100ºC, (b) 125ºC, (c) 150ºC and (d) 175ºC. 
 
 
Elemental mapping was carried out on the top surface of the IMC layer of all aged 
samples at randomly selected positions. In this case also, like in the case of multiple 
reflow, Mo was found on the top surface of Cu6Sn5 IMC in the samples containing 
nanoparticles. Figure 4.22 shows a typical elemental map obtained on the top surface of 
the Cu6Sn5 of aged nanocomposites. From this figure it can be suggested that Mo 
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dispersed more or less uniformly on the top of the Cu6Sn5 (Figure 4.22e). Analysis on 
multiple spots showed that the Mo concentration on the top surface of Cu6Sn5 was 
between about 3-3.5%. 
 
Figure 4. 22: A typical EDX elemental mapping showing the distribution of Sn, Ag, Mo 
and Cu on the top of Cu6Sn5 layer of the (SAC + 0.10 n-Mo) solder age at 150ºC for 
840h. 
 
 
 
 
 
(a) 
(f) (e) 
(c) (d) 
(b) 
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4.8.2 Growth Kinetics 
4.8.2.1 Mechanism of IMC Growth during Solid State Aging  
As presented by Laurila et al. (Laurila et al., 2005) for Sn-based solder, Sn is the main 
diffusion species from Sn-Cu6Sn5 interface to Cu3Sn-Cu6Sn5 interface and on the other 
hand, Cu is the main diffusion species at the Cu-Cu3Sn interface to Cu3Sn-Cu6Sn5 
interface as it is shown in Figure 4.23. According to Laurila et al. (Laurila et al., 2005), 
all reactions occur at the Cu3Sn-Cu6Sn5 interface. The formation of Cu3Sn or Cu6Sn5 
depends on the stoichiometric ratio of Sn and Cu diffusion at the Cu3Sn-Cu6Sn5 
interface. Therefore, at the Cu3Sn-Cu6Sn5 interface, Cu and Sn react to form either 
Cu3Sn or Cu6Sn5 depending on the ratio of their diffusion.  
 
 
Figure 4. 23: Mechanism of IMC growth during solid state aging (a) SAC solder, (b) 
Mo nanoparticles added nanocomposite solder (The figure is not in scale). 
 
 
Due to the diffusion and formation of intermetallics, as the aging time is increased the 
thickness of Cu6Sn5 and Cu3Sn layers are also increased. But when Mo nanoparticles 
are added to the solder, it is preferentially absorbed on the Cu6Sn5 IMC scallops (Figure 
4.22). This means that Mo nanoparticles stay at the solder-Cu6Sn5 interface which might 
hamper the diffusion of Sn to the Cu3Sn-Cu6Sn5 interface. Since the diffusion flux of Sn 
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is decreased with the addition of Mo nanoparticles the thickness of Cu6Sn5 is decreased 
in the nanocomposite solder compared to the SAC. On the other hand, Mo nanoparticles 
were not found on the top of Cu3Sn IMC. So, Cu diffusion flux is not hampered with 
the addition of Mo nanoparticles. Since the Cu diffusion flux is same for both of SAC 
and nanocomposite solders there is virtually no effect of Mo nanoparticles on the Cu3Sn 
IMC thickness during solid state aging. 
 
4.8.2.2 Calculation of Diffusion Coefficient 
In the classical analysis of solid-state interfacial reactions, the kinetics of growth of 
each IMC layer can be diffusion-controlled or interfacial-reaction-controlled (Tu, 
2007). At any particular temperature, the growth kinetics of any reaction layer follow 
the following empirical power law relationship with time (Alam and Chan, 2005).  
n
t ktxx  0   (4.1) 
This equation can also be rewritten in the following logarithmic expression, 
tnkxx loglog)log( 0    (4.2) 
 
Where xt is the total IMC thickness at time t, x0 = thickness of the IMC after reflow, k is 
the growth rate exponent and n is the time exponent. From the value of n it is possible 
to deduce the type of solid state growth kinetic at a solder interface and can realized the 
growth mechanism. The experimental data for total IMC thickness during solid state 
aging at 150ºC from Figure 4.16 is repotted in Figure 4.24(a-c) in the logarithmic scale 
for the SAC and nanocomposite solders. 
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Figure 4. 24: The growth of total IMC layer in logarithmic scale during solid state aging 
at 150ºC of (a) SAC, (b) (SAC + 0.04 n-Mo) and (c) (SAC + 0.10 n-Mo) solder. 
 
 
From the linear regression analysis the value of n obtained for the SAC, (SAC + 0.04 n-
Mo) and (SAC + 0.10 n-Mo) solder with a value of n = 0.61, 0.60 and 0.58 respectively. 
From the values of n, it is considered that the growth kinetics of the total IMC layer is 
diffusion controlled. Even the addition of Mo nanoparticles did not considerably change 
the value of n. This indicates that the growth of the IMC still follow the parabolic 
kinetics. This result confirms that the formation of Cu6Sn5 and Cu3Sn IMC is a 
diffusion controlled process in both SAC and nanocomposite solders. Addition of Mo 
nanoparticle did not grossly change the mechanism of growth of the total IMC layer. 
The addition of nanoparticles, however, suppresses the growth of Cu6Sn5 scallops 
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considerably. The effective inter-diffusion coefficient (Deff) of the total IMC layer can 
be determined by the following equation (4.3) with conjunction to Figure 4.25. 
 210 tDxx efft    (4.3) 
 
The effective inter-diffusion coefficient for the SAC and nanocomposite solders are 
presented in Table 4.2. In this present study, the inter-diffusion coefficient of interfacial 
IMC for SAC solder was obtained 1.092 x 10-17 m2s-1 at 150ºC.  Previous studies on 
inter-diffusion coefficient for the total IMC layer were found 1.96 x10-17, 2.96 x 10-17, 
and 2.96 x 10-17 m2s-1 on (0 0 1), (1 1 1 ) and (1 2 3) Cu single crystals respectively for 
Sn solder at 170ºC (Zou et al., 2008). These results are close to the present experimental 
results with same magnitude of order. The reason for the higher inter-diffusion 
coefficient in the published result may come from the difference of temperature, solder 
composition and substrate crystallinity.  
 
It is seen from the present experimental results that the effective inter-diffusion 
coefficient is decreased with the increase of Mo nanoparticles into the solder. With the 
addition of 0.04 and 0.10 wt% of Mo nanoparticles to the SAC solder the inter-diffusion 
coefficient is decreased to 9.83 x 10-18 and 9.55 x 10-18 m2s-1 respectively. The reason 
behind the lower inter-diffusion coefficient for the nanocomposite solder may be due to 
the presence of Mo nanoparticles at the solder/Cu6Sn5 interfaces which hinder the 
diffusion of Sn towards the Cu6Sn5/Cu3Sn interface. Moreover, the inter-diffusion 
coefficient for the Cu3Sn IMC layer does not change with the addition of Mo 
nanoparticles to the SAC solder. This is because Mo nanoparticles were not found at the 
Cu6Sn5/Cu3Sn interface. So it is expected that the Cu flux during high temperature 
aging was not affected with the addition of Mo nanoparticles to the SAC solder.  
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Published results of the inter-diffusion coefficients for the Cu6Sn5 and Cu3Sn IMC layer 
are shown in Table 2.2. It is found that the inter-diffusion coefficients for the Cu6Sn5 
and Cu3Sn IMC layer varies a wide range of order 10-17 to 10-19 for Sn-based solders 
(Peng et al., 2007, Yoon et al., 2009, Nishikawa et al., 2007, Flanders et al., 1997, Lee 
and Chen, 2002). The deviations in the results might come from the experimental 
conditions, solder alloy compositions, substrate preparation and crystallinity etc. 
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Figure 4. 25: Calculation of diffusion coefficient of SAC and nanocomposite solders. 
 
 
Table 4. 2: Diffusion Coefficient and n values of SAC and nanocomposite solders. 
 
 
Solder 
Time exponent 
n 
Diffusion coefficient 
Deff 
(m2s-1) 
SAC 0.61 1.092 x 10-17 
SAC + 0.04 n-Mo 0.60 9.83 x 10-18 
SAC + 0.10 n-Mo 0.58 9.55 x 10-18 
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4.8.2.3 Calculation of Activation Energy for the Growth of Scallops Diameter 
Figure 4.26(a-c) shows the relationship of the scallop diameter of SAC and 
nanocomposite solders as a function of aging time at 100º, 125º, 150º and 175°C 
temperatures. It is seen from theses figures that the scallop diameter increases with 
increasing temperature and time. Moreover the higher the aging temperature, the higher 
is the scallop diameter growth rate. It is therefore seen, the aging temperature has a 
significant influence on the grain growth kinetics. For a given aging temperature, the 
grain growth rate decreases with increasing the aging time. 
 
  
  
Figure 4. 26: Scallop diameter as a function of aging time for (a) SAC, (b) (SAC + 0.04 
n-Mo) and (c) (SAC + 0.10 n-Mo) solder. 
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Generally, the scallop diameter growth of Cu6Sn5 IMC could be well interpreted by the 
kinetic equation, 
ktDD no
n
t     (4.4) 
 
In this equation,    







 RT
E
o
g
ekk     (4.5) 
 
Where, Do and Dt is scallop diameter of the as reflowed and after aging t hr 
respectively, n is the scallop growth exponent, R is the molar gas constant, T is the 
aging temperature and Eg is the activation energy of the IMC scallops.  
 
Equation (4.4) can be simplified in the form of straight line as follows: 
 
n
kDn
dt
dDt lnln1ln 




     (4.6) 
 
Based on the experimental data, ln(dDt/dt) is plotted as a function of lnD for the SAC 
and nanocomposite solders  in the figures from 4.27(a-c). A linier relationship is 
observed between the logarithm of grain size, ln(D) and logarithm of grain growth rate, 
ln(dDt/dt). For a specific composition of solder these lines are almost parallel. The value 
of (1-n) can be obtained from the slope of these straight lines and the scallop growth 
exponent, n can be calculated from there. The average value of scallop growth 
exponent, n is 4, 3.2 and 2.7 for the SAC, (SAC + 0.04 n-Mo) and (SAC + 0.10 n-Mo) 
respectively.  
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Figure 4. 27: Relationship between logarithm of (dDt/dt) vs. logarithm of D for (a) 
SAC, (b) (SAC + 0.04 n-Mo) and (c) (SAC + 0.10 n-Mo) solder. 
 
 
By using the data presented in Fig. 4.26(a-c) and referring to the grain growth kinetics 
in Equation 4.4, it is possible to figure out the relationship between (Dtn-Don) and aging 
time for IMC scallops for different solders as it is shown in Figure 4.28(a-c). The value 
of k can be obtained from the slope of these curves. 
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Figure 4. 28: Plot of (Dtn-Don) vs. aging time for (a) SAC, (b) (SAC + 0.04 n-Mo) and 
(c) (SAC + 0.10 n-Mo) solder. 
 
 
The slope of the plots from Fig. 4.28(a-c) provides the value of scallop growth constant, 
k at different temperature for different solders. The values of k for different solders are 
listed in Table 4.3. The scallop growth rate constant, k in Equation 4.5 can be simplified 
in logarithmic form as follows, 
RT
E
kk go  lnln    (4.7) 
 
In the Figure 4.29, the values of lnk for different solders are plotted against 1/T to 
calculate the activation energy of the SAC and nanocomposite. Almost parallel straight 
lines are obtained for the different composition of the solders. The slope of these 
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straight lines represents the value of –(Ea/R) of a specific solder. The activation energy, 
Ea for a specific solder composition is calculated from the values of –(Ea/R) considering 
R=8.314 kg.m-2.s-2.K-1.mole-1 and tabulated in Table 4.3.  
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Figure 4. 29: Plot of ln(k) against 1/T for SAC and nanocomposites. 
 
 
From the values of activation energy, Ea for SAC and nanocomposite solders it is seen 
that Mo nanoparticles has virtually no effect on the activation energy of IMC scallops 
growth.  But it is found that Mo nanoparticles have a prominent effect on the values of 
scallop growth exponent, n and scallop growth constant k. Actually, activation energy 
represents the minimum energy to create a compound. It is found from the reported 
(Haseeb and Leng, 2011, Amagai, 2008, Lin et al., 2009)results that nanoparticles 
which have alloying effect such as Co, Ni can influence the activation energy of the 
IMC formation. However, Mo nanoparticles have no alloying effect, so the formation 
energy of IMC scallops remain unchanged with the addition of Mo nanoparticles. Only 
the scallop growth exponent, n and scallop growth constant k of the IMC scallops is 
changed with the addition of Mo nanoparticles by hindering the diffusion of atoms. 
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Table 4. 3: Scallop growth exponent, n and scallop growth constant k, activation energy 
Ea of the SAC and nanocomposite solders. 
 
 
 
Solder 
 
Scallop 
Growth 
Exponent 
n 
 
 
Temperature  
T (ºC) 
 
Scallop 
Growth 
Constant 
k (m4/sec) 
 
ln(k) 
Activation 
Energy of 
IMC 
Scallops 
Ea 
(KJ/mole) 
175 9.5 x 10-29 64.52 
150 4.9 x 10-29 65.17 
125 2.6 x 10-29 65.8 
 
SAC 
 
 
 
4 
100 1.6 x 10-29 66.3 
 
 
33.5 
175 1.5 x 10-24 54.8 
150 5.83 x 10-25 55.8 
125 4.78 x 10-25 56 
 
SAC + 0.04 
n-Mo 
 
 
 
3.2 
100 2.6 x 10-25 56.6 
 
 
31 
175 5.24 x 10-22 49 
150 2.88 x 10-22 49.6 
125 1.43 x 10-22 50.3 
 
SAC + 0.10 
n-Mo 
 
 
 
2.7 
100 8.66 x 10-23 50.8 
 
 
33.7 
 
 
4.9 Effect of Mo Nanoparticles on Interfacial Reaction between Liquid SAC and 
Cu 
During soldering, interfacial reactions between solder and substrate can occur at states: 
i) reaction between liquid solder and substrate and ii) reaction between solid solder and 
substrates. The former is encountered mostly during the manufacturing of solder joint, 
while the latter happens during service. So it is quite important to investigate the 
interfacial reactions between the solder and substrate in the liquid state. For this reason, 
Cu wire having a diameter of 250 µm was dipped in the liquid solder for prolonged 
time. After reaction for a certain time, the solder-Cu wire reaction couple was taken out 
from the liquid solder and mounted in epoxy followed by standard metallographic 
polishing. Then the samples were observed under optical microscope, SEM and high 
resolution FESEM. In this case, effect of Mo nanoparticles on the intermetallic 
compound (IMC) formation in the liquid solder is the main objective of this experiment. 
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The results are discussed in terms of dissolution behavior of Cu substrate and IMC 
formations in presence of Mo nanoparticles. 
  
4.9.1 Effect on Dissolution Behavior of Cu Substrate 
Figure 4.30 presents the cross sectional views of Cu wires after dipping in liquid solder 
maintained at 250ºC for different time periods. It is seen that with increasing dipping 
time, the diameter of the copper decreases in SAC and nanocomposite solders. The 
diameter of the wire dipped in Mo nanoparticles added nanocomposite solder is large at 
all dipping periods. The relationship between the dissolved thickness of Cu in the 
molten solders and dipping time is plotted in Figure 4.31a. This figure reveals that the 
dissolution of the substrate increases almost linearly with increasing immersion time. 
Linear relationship between copper dissolution rate and dipping time for different 
solders was also reported by others (Yen et al., 2008, Yeh et al., 2006). It is also found 
that the dissolution of the copper substrate is higher in the SAC solder compared with 
that in the nanocomposite solders. 
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Figure 4. 30: Optical micrographs showing cross-section of copper wire after dipping in 
molten solder for two different time periods (a) SAC for 5 min, (b) SAC for 15 min, (c) 
(SAC + 0.30 n-Mo) for 5 min, (d) (SAC + 0.30 n-Mo) for 15 min. 
 
  
Figure 4. 31:  (a) Thickness of consumed Cu in the molten solder and (b) Dissolution 
rate of Cu substrate at 250ºC. 
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It is thus seen that the presence of Mo nanoparticles in the molten solder decreases the 
dissolution of Cu wire. Figure 4.31b plots the dissolution rate of Cu calculated from 
Figure 4.31a for different solder compositions. The dissolution rate of Cu substrate in 
SAC solder at 250ºC is 3.1 µm/min. Yen et al. (Yen et al., 2008) found the dissolution 
rate of Cu in Sn-3.0Ag-0.5Cu solder at 270ºC is 2.95 µm/min. This is good agreement 
with the present study. With the addition of Mo nanoparticles to the liquid solder for 
actual concentration of 0.30 wt%, the dissolution rate of Cu goes down to 2.2 µm/min.  
 
4.9.2 Interfacial IMC Formation and Growth in Liquid Solder 
Figure 4.32 shows backscattered electron image of the solder-copper interface after the 
dipping of copper in liquid solder under different conditions. It is seen that intermetallic 
compounds (IMCs) form in all samples. For SAC/Cu interface, the IMC formation is 
quite pronounced. At shorter dipping time, only Cu6Sn5 IMC forms. Cu3Sn IMC 
appears after about 10 min of dipping. Cu6Sn5 has scallop type morphology. The 
thickness of the IMC is seen to be much lower for (SAC + 0.30 n-Mo) solder. No Cu3Sn 
appears to be present for both dipping periods in (SAC + 0.30 n-Mo) solder. 
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Figure 4. 32: Cross sectional SEM micrographs of solder/Cu interface for samples 
immersed in liquid solder at 250ºC (a) SAC for 5 min, (b) SAC for 15 min, (c) (SAC + 
0.30 n-Mo) for 5 min, (d) (SAC + 0.30 n-Mo) for 15 min. 
 
 
Thus the addition of Mo nanoparticles results in thinner IMC layers. The total IMC 
thickness is plotted as a function of dipping time in Figure 4.33. It is observed that 
presence of Mo in the liquid solder hinders the growth of IMC layers. For 15 min 
dipping of Cu wire in the SAC solder, the thickness of IMC layer is around 6 µm. But 
the presence of 0.30 wt% Mo nanoparticle to the SAC solder, the IMC thickness drops 
to the value of about 4 µm. It may be noted that the IMC thickness is measured from 
area analysis by using build-in software in stereoscope (Olympus SZX10) and average 
value is IMC thickness is taken. At least five figures at randomly selected positions 
were utilized to calculate the average IMC thickness. It was found that the standard 
deviation among the values of the IMC thickness is small (~0.6).  
(a) (b) 
(c) (d) 
Cu3Sn 
Cu6Sn5 
Cu6Sn5 Cu6Sn5 
Cu6Sn5 
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Figure 4. 33: Graphical representation of the total IMC thickness with time in the liquid 
state reaction. 
 
 
To find out the distribution of Mo nanoparticles in the liquid state solder sample was 
reflowed on a Cu sheet with a nominal composition of 5 wt% Mo. In order to 
investigate the presence of Mo nanoparticles on the IMC, high resolution FESEM was 
conducted on a few samples. Particularly, locations undergoing incomplete etching 
were closely examined to identify the presence of Mo nanoparticles. One such location 
is shown in Figure 4.34. In this case also, on the top surface of Cu6Sn5 IMC there is two 
types of white particles with bright appearance are observed. One type of particles has 
irregular white shape. The EDX analysis confirms that these irregular shaped particles 
are Ag3Sn. These irregular shaped Ag3Sn form aggregate-type microstructure. On the 
other hand, another type of white particles, almost perfectly spherical shape, is observed 
in between the agglomeration of Ag3Sn. EDX (EDAX-Genesis Utilities) analysis 
ensures that these spherical shaped particles are Mo nanoparticles. It may be noted that 
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the shape of Mo nanoparticles on the IMC surface is the same as the starting particles as 
revealed by TEM (Figure 4.2a). 
 
 
Figure 4. 34: (a) High resolution FESEM image of the top surface of Cu6Sn5 IMC for 
(SAC + 0.30 n-Mo) solder for 5 minute reflow (b) EDX spectrum on Mo particles. 
 
 
4.9.3 Mechanism for Suppression of Copper Dissolution 
It has been mentioned before that Mo has no solubility in tin and it is not likely to have 
any alloying effects as Co or Ni. Therefore the influence that Mo nanoparticles have 
shown should be explained through particle effect. The occurrence and distribution of 
Mo nanoparticles in the IMC and in its neighborhood were investigated both in cross-
sections and plan views. Under SEM, in the cross-sectional view of solder/substrate 
interface no Mo was detected to be embedded in Cu6Sn5. However, extensive 
observations on the surface of the Cu6Sn5 layer at various locations in the plan view 
samples reveal that Mo nanoparticles are distributed all over the IMC surface. The 
distribution however is not perfectly uniform. Some places show the presence more 
particles compared with others. 
 
Reaction between copper and liquid solder takes place through the simultaneous 
formation of IMC and dissolution of copper (Sharif et al., 2004). It has been suggested 
Mo nanoparticles 
(a) (b) 
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(Gagliano and Fine, 2003) that the growth of Cu6Sn5 scallop take place at the 
Cu6Sn5/solder interface. Copper from the substrate diffuses out particularly through the 
channels between scallops (Kim and Tu, 1996). The dissolution rate of copper has been 
expressed by Dybkov (Dybkov, 1998),  
)( CC
V
Sk
dt
dC
s    (4.8) 
 
Where k is the dissolution rate constant, S is the surface area of the substrate, V is the 
volume of the molten solder, Cs is the equilibrium concentration of Cu substrate in the 
solder and C is the concentration of the substrate at the reaction temperature. 
 
Previous result suggested that alloying element has a little effect on the value of 
dissolution rate constant, k (Barmak et al., 2007). Since Mo does not dissolve into the 
solder so it can be expected that the addition of nanoparticles such as Mo to the SAC 
solder would not significantly change the value of k. Again V is also constant in the 
present case. Therefore the dissolution rate will depend upon the area at the growth 
front, S, and the concentration of copper in the solder in the immediate vicinity of the 
Cu6Sn5/solder interface; C. EDX result in the present study suggests a preferential 
absorption of Mo nanoparticles on the IMC surface (Figure 4.34). Such absorption will 
block a part of the surface and reduce the effective area available for reaction. 
Absorption of nanoparticles will also clog the channels between the scallops. This 
reduction in effective surface area is expected to lead to lower dissolution rate as has 
been observed in the present study. The surface blockage will also hamper the transfer 
of Sn atoms to the growth front. This will lead to a lower thickness of IMC which has 
been found in this study. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
 
 
5.1 Conclusions 
In this research work, effects of Mo nanoparticles in Sn-3.8Ag-0.7Cu (SAC) solder on 
Cu substrate were investigated and compared. Both liquid and solid state reactions of 
the SAC solder on Cu substrate are examined in presence of Mo nanoparticles. The 
results obtained from this research work have lead to the following conclusions: 
 
 During reflow only a fraction of Mo nanoparticles is incorporated into the 
solder. The rest of the nanoparticles stay inside the flux residue. The 
incorporation of a lower amount of Mo in SAC suggests that Mo nanoparticles 
experiences rejection by the liquid SAC interface. Poor wetting of SAC on Mo 
could be a possible reason for this rejection. 
 Addition of Mo nanoparticles did not significantly change the melting point of 
the solders. Slight decrease of the melting point with the addition of Mo is 
believed for the increased surface instability caused by higher surface energy of 
nanoparticles. 
 The addition of Mo nanoparticles into SAC solder decreases the spreading rate 
and increases the wetting angle. For the addition of 0.10 wt % of Mo 
nanoparticles into the SAC solder the spreading rate drops from 79.8 to 76.8% 
and wetting angle increased from 17.8º to 28.8º.   
 Mo nanoparticles do not dissolve or react with the SAC solder and remain stable 
during multiple reflow at 250ºC. The Mo nanoparticles appear to segregate 
partially and stay on top of the Cu6Sn5 and channels between IMC scallops. The 
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average concentration of Mo on top of Cu6Sn5 IMC is 3-3.5 wt% which is 
higher than the average concentration of Mo inside solder matrix (0.14 wt%). 
 The addition of Mo nanoparticles to SAC solder causes a decrease in the 
thickness and diameter of interfacial Cu6Sn5 scallops during multiple reflow. 
During reflow, Mo nanoparticles exert their influence on the interfacial IMC 
through discrete particle effect by preferentially absorbing at the grain 
boundaries of interfacial IMC scallops. This mechanism suppresses the growth 
of Cu6Sn5 IMC and produces smaller scallops during reflow. Mo nanoparticles 
are suggested to influence IMC growth rather than nucleation. 
 During high temperature aging Mo nanoparticles suppress the growth of 
thickness and scallop diameter of Cu6Sn5 IMC layer. But there is virtually no 
effect of Mo nanoparticles on the growth of Cu3Sn IMC. It is suggested that 
presence of Mo nanoparticles on the top surface of Cu6Sn5 IMC layer hampers 
the Sn diffusion from Sn/Cu6Sn5 interface to Cu3Sn/Cu6Sn5 interface. This 
mechanism results smaller thickness and scallop diameter of Cu6Sn5 IMC layer. 
 With the addition of 0.10 wt % Mo nanoparticles to the SAC solder, the 
effective inter-diffusion coefficient of total IMC layer is decreased from 1.092 x 
10-17 m2s-1 to 9.55 x 10-18 m2s-1. There is no effect of Mo nanoparticles on the 
activation energy of the IMC scallops. Mo has no alloying effect with the SAC 
solder at 250ºC. So the formation energy of the IMC scallops (activation energy) 
is not changed with the addition of Mo nanoparticles.  
 The dissolution of copper substrate is reduced in the liquid state reaction in 
presence of Mo nanoparticles.  
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5.2 Recommendation for the Future Works 
 In this present experimental work nanocomposite solders were reflowed on 
copper substrate. It is recommended for the future work to reflow the 
nanocomposite solders on different substrates such as ball grid array (BGA), flip 
chip (FC) with different surface finishes such as electroless Ni(P)/Au, 
electrolytic Ni/Au, Al/Ni(V)/Cu, Zn(Mo)/Cu etc. These processing techniques 
are more close to industrial practices in the microelectronics industries. 
 The strength of interfacial IMC is important to determine the reliability of the 
solder. Investigation of the solder joint strength by ball pull, ball shear and 
nanoindentation test is therefore suggested for the future study.  
 Thermo-mechanical testing such as accelerated thermal cycling, thermal shear, 
thermal fatigue and creep test can be investigated. 
 Investigations on the mechanism through which nanoparticles influence the 
interfacial IMC can be carried out by high resolution transmission electron 
microscopy. 
 Various processing routes for the incorporation of different nanoparticles inside 
the solder matrix can be explored.   
 The cost value of the solders in term of long term reliability and performance 
can be evaluated.   
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